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Study  identified  and  evaluated  novel  methods  for  the  decontamination  and  inerting 
of  facilities  (buildings  and  equipment)  contaminated  with  explosives  during  man¬ 
ufacturing  or  demilitarization.  First  step  entailed  review  of  literature  and 
industrial  survey  followed  by  idea  generation  and  detailed  concept  development. 

In  the  second  step,  criteria  to  evaluate  the  concepts  were  developed  and  covered, 
Mass  Transfer,  Destruction  Efficiency,  Safety,  Damage  to  Buildings,  Penetration 
Depth,  Applicability  to  Complex  Surfaces,  Operating  Costs,  Capital  Costs  and 
Waste  Treatment  Costs.  Thirdly  these  criteria  were  used  to  select  promising 
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concepts  from  about  55  concepts  for  evaluation  in  a  follow  on  laboratory  eval¬ 
uation.  Concepts  recommended  for  experimental  evaluation  in  the  second  phase 
of  the  program  were  hot  gases,  vapor  circulation,  and  chemical  methods  involv¬ 
ing  radical  or  base  initiated  decomposition  and  the  use  of  reductants  such  as 
sulfide  or  borohydride  ions.  Solubilization  of  explosives  will  be  an  important 
aspect  in  the  development  of  chemical  methods 


EXECUTIVE  SUMMARY 


As  part  of  their  responsibilities  in  DOD  real  property  disposal, 
USATHAMA  must  Identify,  contain  and  eliminate  toxic  and  hazardous  mate¬ 
rials  and  related  contamination  where  lands  and  facilities,  potentially 
available  for  alternate  government  or  private  use,  have  been  declared  ex¬ 
cess  or  are  candidates  for  excessing.  With  this  mandate  USATHAMA  is  to 
provide  the  technical  basis  to  implement  the  decontamination  and  also 
provide  the  standards  to  insure  decontamination  has  been  effective.  The 
Novel  Processing  Technology  Program  is  to  identify  and  develop  treatment 
methods  and  recommend  plans  for  carrying  out  the  decontamination.  The 
ideal  concept  would  be  a  single  method  that  is  both  universally  applicable 
and  most  cost  effective.  Decontamination  of  structures  and  equipment 
contaminated  with  various  explosives  and  related  chemicals  to  a  level  that 
doesn't  pose  a  hazard  during  unrestricted  use,  represents  an  extremely 
difficult  problem  in  any  excessing  action.  Under  special  conditions  in¬ 
erting  the  explosives  may  prove  to  be  adequate  so  that  the  building  can  be 
demolished  safely. 

The  objective  of  this  research  and  development  program  on  Novel 
Processing  Technology  Is  to  identify,  evaluate  and  develop  novel  techni¬ 
ques  to  decontaminate  or  inert  Army  installation  structures,  l.e.  build¬ 
ings  and  their  contents,  contaminated  with  explosives. 

In  this  first  phase  study  about  55  concepts  were  generated  and 
described  in  sufficient  detail  to  permit  their  evaluation  against  the 
criteria  of  mass  transfer,  destruction  efficiency,  safety,  damage  to 
structures,  penetration  depth,  applicability  to  complex  structures,  oper¬ 
ating  costs,  capital  costs,  and  waste  treatment  costs.  This  evaluation 
was  the  basis  for  the  selection  of  the  most  promising  concepts  for  exper¬ 
imental  evaluation  in  the  second  phase  laboratory  studies.  The  most  pro¬ 
mising  concepts  recommended  for  evaluation  were  the  use  of  hot  gases, 
vapor  circulation  and  five  chemical  methods,  involving  radical  or  base 
initiated  decompositions  and  the  use  of  reductants.  The  Phase  II  effort 
will  be  designed  to  evaluate  and  recommend  one  to  three  of  the  concepts 
for  field  evaluation  with  the  objective  of  addressing  the  program's  over¬ 
all  plan  of  determining  whether  a  single  method  can  be  universally  ap¬ 
plicable  and  cost  effective. 
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1.0  INTRODUCTION 

The  United  States  Army  envisions  that  new,  improved  procedures 
for  the  decontamination  of  facilities  previously  utilized  for  chemical 
explosives  manufacture  or  testing  are  now  or  will  be  required  In  the 
future.  The  only  currently  approved  method  of  decontaminating  materials 
Involves  Incineration  at  a  temperature  of  1000  F  for  a  period  of  15  min¬ 
utes.  Materials  exposed  to  such  conditions  are  described  as  having  at¬ 
tained  the  5X  status  and  are  defined  as  suitable  for  unrestricted  use. 
Unfortunately,  the  time  and  expense  required  to  accomplish  such  decontam¬ 
ination  Is  Immense.  Successful  development  of  an  alternative  decontam¬ 
ination  technique  which  would  not  require  the  dismantling  of  a  facility 
and  which  would  result  in  a  5X  decontamination  status  rating  (or  Its 
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equivalent)  without  incineration  represents  a  potentially  large  cost  sav¬ 
ings  to  the  Government. 

Examples  of  installations  which  might  require  such  decontamina¬ 
tion  include  Sunflower  Army  Ammunition  Plant,  Joliet  Army  Ammunition 
Plant,  and  Louisiana  Army  Ammunition  Plant.  Of  concern  in  these  facil¬ 
ities  are  building  structures,  underground  and  above  ground  storage  tanks, 
reacclon  vessels,  sumps,  waste  stream  conduits,  and  pipes.  Both  the  sur¬ 
face  of  the  material  and  the  Interior  areas  into  which  explosives  have 
penetrated  require  decontamination. 

Also  of  interest  to  the  Government  is  the  Inerting  of  explosives 
in  contaminated  buildings  to  allow  the  structures  to  be  safely  demolished 
and/or  dismantled.  This  approach  is  particularly  useful  when  a  building 
to  be  demolished  is  located  close  to  other  remaining  facilities  and  care 
must  be  taken  to  avoid  an  explosion  or  fire  which  might  spread  to  these 
buildings. 

2.0  OBJECTIVE 

The  objective  of  Phase  I  of  Task  2  is  to  identify  and  evaluate 
the  technical  feasibility  of  novel  decontamination  and  inerting  concepts 
for  explosives  contaminated  facilities. 

2.1  CONTAMINATION  SCENARIO 

The  United  States  Army  Toxic  and  Hazardous  Materials  Agency 
(USATHAMA)  has  identified  eleven  explosives  as  the  focus  of  the  decontam¬ 
ination  effort.  These  explosives  are  trinitrotoluene  (TNT),  dlnltro- 
toluene  (DOT) ,  cydonite  (RDX) ,  octagen  (HMX) ,  tetryl,  nitroglycerin  (NG), 
nltroguanldlne  (NQ),  nitrocellulose  (NC),  ammonium  nitrate  (AN),  lead 
azide,  and  lead  styphnate.  White  phosphorous  was  also  studied.  The 
structure  of  each  compound  is  shown  below: 


DNT:  2,4-  AND  2,6-  DINITROTOLUENE 


NQ: 


°2Nn  /N°2 

LJ 


ONO,  ONO, 

•  1 

NG:  C  H  C  H,CII 

l  2 

0N02 


nh2c-niino2 


LEAD  AZIDE:  Pb(N3)2 


To  ensure  that  unnecessary  effort  would  not  be  devoted  to 
building  materials  of  only  secondary  Importance,  OSATHAMA  specified  at  the 
beginning  of  Task  2  that  the  substratesof  principal  interest  were:  (1) 
carbon  steel,  (2)  stainless  steel,  (3)  concrete,  (4)  tile,  (5)  brick,  (6) 
cement,  (7)  wood,  and  (8)  translte.  These  material  were  to  be  considered 
In  both  painted  and  unpainted  condition. 


In  order  to  satisfy  the  task  objective,  work  during  this  phase 
consisted  of  three  principal  Interrelated  activities.  The  goal  of  the 
first  activity  was  to  Identify  novel  decontamination  and  inerting  methods. 
This  was  accomplished  In  three  steps:  (1)  existing  literature  (both 
government,  open  literature  and  private)  on  decontamination  and  Inerting 
procedures  was  thoroughly  evaluated;  (2)  Idea  generation  sessions  were 
conducted  to  develop  new  decontamination  and  Inerting  concepts;  and  (3)  a 
data  base  containing  background  information  necessary  for  assessment  of 
the  chemistry  and  engineering  aspects  of  new  and  existing  concepts  was 
developed. 

The  goal  of  the  second  activity  was  the  development  of  evalua¬ 
tion  criteria  designed  to  evaluate  and  rank  the  concepts.  The  third  ac¬ 
tivity  Involved  the  application  of  these  criteria  to  the  concepts  In  order 
to  select  the  most  promising  candidates  for  experimental  study  In  Phase 
II. 

A  dilemma  aros.  In  the  execution  of  the  second  and  third  activ¬ 
ities  as  a  result  of  the  fact  that  the  desired  level  of  decontamination 
specified  by  the  tasking  document  was  defined  as  the  5X  condition.  Since 
the  5X  condition  Is  an  operational  rather  than  an  analytical  definition. 

It  does  not  provide  a  means  to  analytically  evaluate  the  relative  efficacy 
of  novel  decontamination  concepts  either  in  the  preliminary  screening  or 
In  subsequent  laboratory  testing.  In  fact,  there  appears  to  be  little 
experimental  documentation  that  the  5X  condition  actually  accomplishes 
total  decontamination,  although  our  study  Indicates  that  such  a  conclusion 
Is  appropriate  at  least  In  the  case  of  surface  decontamination.  So  that 
we  might  have  a  more  tangible  criterion  upon  which  we  could  evaluate  novel 
decontamination  concepts,  we  elected  to  define  the  reduction  of  contami¬ 
nation  to  a  level  below  that  detectable  by  state-of-the-art  analytical 
techniques  as  constituting  a  successful  decontamination. 


3.0  RESOURCE  REVIEW 


There  were  four  major  sources  of  decontamination  and  Inerting 
concepts  In  Task  2.  Explosive  manufacturers  were  contacted  by  phone  to 
determine  their  current  decontamination  or  Inerting  procedures.  Idea 
generation  sessions  were  held  with  Battel le  staff  to  generate  novel  de¬ 
contamination  and  Inerting  concepts.  Both  government  and  non-government 
publications  were  computer  searched  to  uncover  pertinent  data  for  novel 
applications. 


3.1  TELEPHONE  SURVEYS 


Twenty-four  explosive  manufacturers  were  contacted  by  phone  to 
determine  their  decontaalnaf Ion  methods.  The  list  of  companies  was  ob¬ 
tained  from  Thomas  Register  and  Is  shown  In  Figure  1. 

The  following  conclusions  can  be  derived  from  the  results  of  the 

survey: 

e  The  primary  clean-up  method  Is  either  a  water  wash  or  a  steam 
clean.  The  contaminated  water  Is  collected  in  a  sump  where 
the  solids  settle.  Periodically,  the  solids  are  removed  and 
burned  in  the  open. 

e  The  primary  Incentive  for  clean-up  is  to  eliminate  explosive 
hazards  with  little  concern  for  the  toxicity  of  the 
explosives. 

e  OSHA  has  no  regulations  regarding  the  hazards  of  toxic 
explosives. 


APACHE  POWDER  COMPANY 
CHEMTRONICS 
AUSTIN  POWDER  COMPANY 
IME 

MONSANTO 
BROCO,  INC. 

GULF  EXPLOSIVES 
HOLSTON  AAP  (KODAK) 

TROJAN,  INC. 

TECHNICAL  ORDNANCE,  INC. 
TELEDYNE  McCORMICK  SELPH 
EXPLOSIVE  TECHNOLOGY,  INC. 
JET  RESEARCH  CENTER 
EXPRO  CHEM  LTD. 

GOEX,  INC. 

INDIANA  AAP  (ICI) 

DELAWARE  POWDER  COMPANY 
TITAN  EXPLOSIVES  COMPANY 
SECURITY  SIGNALS,  INC. 

LFC  CHEMICAL 

HOLEX 

EPA 

WHITTAKER  CORPORATION 
OSHA 

C.I.L.,  INC. 

AIR  PRODUCTS,  INC. 


FIGURE  1.  AGENCIES  AND  EXPLOSIVES  MANUFACTURERS  CONTACTED 


•  There  are  no  standard  procedures  for  decontamination;  the 
only  widely  used  decontamination  material  Is  the  nitro¬ 
glycerin  killer,  an  aqueous  solution  of  sodium  sulfide, 
although  alkalies  are  occasionally  used  to  decompose  HMX  and 
RDX. 


•  Seldom  are  any  chemical  analyses  done  to  determine  the 
effectiveness  of  clean-up,  A  subjective  visual  method  is 
almost  always  used. 

The  Information  obtained  from  the  survey  of  explosive  manufac¬ 
turers  was  summarized  and  distributed  to  the  project  team  for  review  and 
Incorporation  Into  the  program. 

3.2  GOVERNMENT  AND  NON  GOVERNMENT  PUBLICATIONS 

The  literature  was  searched  to  identify  pertinent  data  for  app¬ 
lication  to  noval  means  of  explosives  decontamination  and  Inerting.  Both 
government  and  non-government  publications  were  searched.  These  publica¬ 
tions  are  summarized  in  Figure  2.  The  government  indices  searched  were: 
Smithsonian  Science  Information  Exchange  (SSIE),  current  research 
reports;  National  Technical  Information  Service  (NTIS),  unclassified  re¬ 
search  reports;  Defense  Technical  Information  Center  (DTIC),  defense- 
related  classified  and  unclassified  research  reports;  and  Central  Infor 
nation  Reference  and  Control  (CIRC),  unclassified  foreign  defense-related 
reports. 

The  non-government  Indices  searched  were:  Chemical  Information 
System  (CIS),  a  broad,  chemical  data  base;  Oil  and  Hazardous  Materials 
(OHMTADS) ,  part  of  CIS;  Compendex,  an  engineering  index;  Comprehensive 
Dissertation  Index  (CDI),  abstracts  on  dissertations;  Applied  Science  and 
Technology  Index  (AS  and  TI),  applications;  Chemical  Abstracts  (CA), 
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• 

SSIE 

• 

NTIS 

• 

OTIC 

• 

CIRC 

NON-GOVERNMENT  PUBLICATIONS 

• 

CIS 

• 

OHMTADS 

• 

COMPENDEX 

• 

CDI 

• 

CA 

• 

AS  AND  TI 

• 

EH  AND  PC 

FIGURE  2, 

PUBLICATIONS  SEARCHED 

Control  (EH  and  PC),  reports  on  pollution  control. 

The  computer  strategy  used  to  search  these  publications  was  a 
cross-matching  of  specific  and  general  explosives  terms  with  specific  and 
general  chemical  and  engineering  terms.  This  strategy  Is  outlined  in 
Figure  3  and  elaborated  upon  below:. 

•  The  specific  explosives  were  TNT,  DNT,  RDX,  HMX,  tetryl , 
nitroglycerine,  nltroguanldine,  nitrocellulose,  ammonium 
nitrate,  lead  styphnate,  and  white  phosphorus.  Any  common 
name,  registry  number,  trade  name,  or  IUPAC  name  of  the 
agents  or  explosives  was  also  Included  in  the  search. 

«  The  general  explosive  terms  were  explosives,  propellants, 
initiators,  primer,  and  pyrotechnics. 

•  The  specific  chemical  reaction  terns  searched  were  reduction, 
oxidation,  cleavage,  substitution,  coupling,  elimination, 
hydrolysis,  neutralization,  gamma  Irradiation  (radiation), 
ultraviolet,  and  extraction.  The  specific  engineering  terms 
used  were  diffusion,  porosity,  permeability,  mass  transfer, 
half-life,  persistency,  and  semi-permeability. 

•  The  general  chemical  process  terms  searched  were  decon¬ 
tamination,  desensltlzatlon,  demilitarization,  aging, 
degradation,  decomposition,  destruction,  chemical,  thermal, 
microbial,  enzymatic,  and  reviews. 

The  strategy  described  above  was  progressively  structured  after 
review  of  the  resulting  abstracts.  Thus,  not  all  publications  were 
searched  exactly  according  to  this  scheme — some  were  searched  with  a  mod¬ 
ified  version. 


SEARCH  STRATEGY 


FIGURE  3.  SEARCH  STRATEGY 


The  computer  search  of  government  and  non-governnent  publica¬ 
tions  resulted  In  approximately  three  thousand  abstracts  which  were  then 
processed  as  shown  In  Figure  4.  In  addition.  Chemical  Abstracts  was  man¬ 
ually  searched  between  1929  and  1967.  These  abstracts  were  reviewed  by 
project  team  members  and  approximately  a  thousand  of  them  were  found  per¬ 
tinent  to  the  present  task.  Each  pertinent  abstract  received  a  reference 
number  and  was  categorized  according  to  subject  matter,  l.e.,  genera], 
chemical,  physical,  thermal,  biological,  radiative,  analytical,  toxico¬ 
logical  or  general.  It  was  then  decided  If  a  paper  was  to  be  ordered  from 
the  abstract  or  the  abstract  simply  filed.  As  ordered  papers  were  re¬ 
ceived,  they  were  placed  In  a  file  In  order  of  the  abstract  reference 
number. 

All  abstracts  were  placed  In  a  "physical"  file  and  a  “computer" 
file  was  set  up  In  parallel.  This  computer  file  consists  of  an  8  line 
entry  for  each  abstract,  listing  1)  Reference  number,  2)  Author(s),  3) 
Category,  4)  Title,  5)  Reference,  6)  Has  a  paper  ordered?,  7)  Abstracter's 
Initials,  and  8)  Has  the  paper  arrived?  This  system  was  very  useful  for 
pooling  data  on  a  specific  agent  under  a  certain  category.  For  example, 
one  could  obtain  a  list  of  all  references  pertaining  to  the  chemical  de¬ 
composition  of  TNT  by  searching  "chemical"  and  "TNT". 

All  of  the  abstracts  In  the  "physical"  file  were  distributed  to 
staff  and  project  team  members  according  to  the  category  or  categories 
listed  on  each  abstract. 

3.3  IDEA  GENERATION  SESSIONS 

Approximately  302  of  the  decontamination  concepts  Identified  in 
Phase  I  were  the  result  of  Idea  generation  sessions.  These  sessions  were 
arranged  such  that  several  Individuals  of  specific  disciplines  met  with 
project  team  chemists  and  engineers  to  "brainstorm"  Ideas  for  decontami¬ 
nation  or  Inerting  of  explosives.  The  specific  disciplines  Involved  In¬ 
cluded  organic  chemists,  biologists,  explosives  specialists,  polymer 


chemists,  and  experts  in  high  energy  radiation  phenomena.  A  synergism  in 
the  formulation  of  ideas  between  project  team  members  and  specialists  was 
evident  in  these  sessions.  The  resulting  ideas  were  developed  into  de¬ 
tailed  concepts  which  were  incorporated  into  the  program. 

4.0  CONCEPT  DESCRIPTION 

Armed  with  the  data  from  the  literature  searches,  idea  genera¬ 
tion  sessions,  and  manufacturer's  reports,  a  series  of  small  groups  com¬ 
posed  of  appropriate  specialists  met  and  attempted  to  evaluate  all  of  the 
envisioned  decontamination  concepts.  During  this  process  it  became  obvi¬ 
ous  that  the  concepts  we  “  Inadequately  described  for  a  meaningful  evalu¬ 
ation.  Through  a  progressive  design,  a  concept  description  format  was 
developed  which  enabled  the  project  team  describe  the  concepts  in  reason¬ 
able  detail.  Once  Che  description  forms  were  completed,  a  normalized, 
meaningful  evaluation  could  be  performed. 

The  final  concept  description  format  can  be  found  in  Figures 
5-8.  The  headings  listed  are,  for  the  most  part,  self-explanatory.  Those 
that  need  some  explanation  will  now  be  addressed.  The  first  section  of 
the  final  format  (Figure  5)  the  concept  is  described  in  general  terms  for 
easy  reference  including  the  obvious  advantages  and  disadvantages.  The 
second  section  deals  with  the  specific  chemical  reactions  and  by-products 
anticipated.  Supplementary  treatment  refers  to  any  additional  chemistry 
that  must  be  invoked  to  remove  by-products.  The  third  section  discusses 
aspects  of  a  physical  removal  technique.  Supplementary  treatment  in  this 
context  refers  to  additional  chemical/physical  procedures  necessary  to 
treat  remaining  contaminants.  Waste  treatment  and  disposal  refer  to 
procedures  that  must  be  performed  before  the  waste  could  be  disposed  of. 

The  fourth  section  of  the  concept  description  format  (Figure  6) 
deals  with  the  applicability  of  the  method  to  the  contaminants  and  to  the 
building  materials  and  structural  features.  Secondary  decontamination 
treatment  refers  to  any  procedure  that  must  be  performed  to  decontaminate 


1.0  General  Description 


1. 1  Summary  of  idea 

1.2  Origination  of  Idea 

1.3  Obvious  advantages  and  disadvantages 

1.4  Variations  of  Idea 

1.5  Sketch 

2.0  Chemical  Decomposition  Treatment 

2.1  Chemical  reactions! s) 

2.2  Hazardous  products 

2.3  Destruction  efficiency,  residue  level  (relative  to  detection 
limits) 

2.4  Reaction  rate/ kinetics 

2.5  Supplementary  treatment(s) 

2.6  State-of-the-art 

3.0  Physical  Treatment 

3.1  Removal  efficiency,  residue  level  (relative  to  detection 
limits) 

3.2  Hazardous  wastes 

3.3  Supplementary  treatment(s) 

3.4  Waste  recovery  and  disposal 

3.5  State-of-the-art 


FIGURE  5.  PAGE  1  OF  CONCEPT  DESCRIPTION  FORM 


4.0  Applicability 

4. 1  Explosive  applicability 

4.2  Isolated  building  material  applicability  (concrete,  tile,  brick 
cement,  wood,  steel,  translte,  painted  and  unpalnted  surfaces) 

4.2.1  Impact  of  substrate  on  chemistry 

4.2.2  Removal  or  reaction  of  contaminant  from  surface 

4.2.3  Removal  or  reaction  of  contaminant  from  interior 

4.2.4  Damage  to  material 

4.3  Practical  applicability  to  building 

4.3.1  Building  preparation  (e.g.,  paint  removal,  water  wash, 
barrier  Installation,  necessary  prior  decontamination 
level) 

4.3.2  Practical  physical  limitations/methods  to  overcome  (e.g. 
formulation  of  reagent,  complex  surface  areas) 

4.3.3  Secondary  decontamination  treatment(s) 

4.3.4  Clean-up  requirements  (prior  to  paint) 

4.3.5  Waste  treatment  and  disposal 

4.4  State-of-the-art 


FIGURE  6.  PAGE  2  OF  CONCEPT  DESCRIPTION  FORK 


5.0  Engineering 


5.1  Process  description  (e.g.,  block  diagram) 

5.1.1  Main  process 

5.1.2  Variations 

5.2  Equipment/support  facilities  needed 

5.2.1  Description 

5.2.2  RAM  (reliability,  availability,  maintainability) 

5.3  Decontamination  time 

5.3.1  Set-up  (building  and  equipment  preparation) 

5.3.2  Application  time 

5.3.2. 1  Personnel 

5.3. 2.2  Decontamination 

5. 3. 2.3  Verification  (analysis  of  building  and  waste 
products) 

5.3.3  Tear-down  time 

5.3.3. 1  Equipment  removal 

5. 3. 3. 2  Clean-up 

5.4  Safety  requirements 

5.4.1  Process  hazards 

5.4.2  Personnel  hazards 

5.4.3  Protective  methods 


FIGURE  7.  PAGE  3  OF  CONCEPT  DESCRIPTION  FORM 


6.0  Economics 


6.1  Building  damage— repair  costs 

6.2  Developmental  costs 

6.3  Treatment  costs 

6.3.1  Utilities  and  fuel  cost 

6.3.2  Equipment  cost 

6.3.3  Material  cost 

6.3.4  Manpower  costs 

7.0  Future  Work  Required 

7.1  Knowledge  gaps 

7.3  Resolution 


FIGURE  8.  PAGE  4  OF  CONCEPT  DESCRIPTION  FORM 


parts  of  the  building  not  previously  decontaminated.  Clean-up  means  cus¬ 
todial  or  janitorial  services  needed.  Waste  recovery  and  disposal  refer 
to  the  final  disposal  of  waste  either  via  Incineration,  landfill  or  spec¬ 
ial  burial  or  storage. 

The  fifth  section  (Figure  7)  discusses  four  aspects  of  engi¬ 
neering:  process;  equipment;  decontamination  time;  and  safety  require¬ 
ments.  The  sixth  section  (Figure  8)  outlines  all  costs  Involved.  Section 
7  was  not  originally  provided  for  in  the  logic  diagrams  used  to  develop 
this  format,  but  has  been  Included  as  a  summary  of  the  knowledge  gaps 
discovered  in  the  process  of  completing  the  forms.  Resolution  of  these 
knowledge  gaps  Is  also  addressed. 

A  three-step  procedure  was  followed  In  the  completing  of  the 
description  forms.  Project  team  members  chcse  concepts  in  their  area  of 
expertise  and  researched  any  knowledge  gaps  found.  The  description  forms 
were  then  passed  to  a  chemical  engineer  who  completed  engineering  aspects 
of  the  concept.  In  the  third  step  the  forms  were  sent  to  a  project  team 
member  who  reviewed  each  form  and  added  comments  when  pertinent.  In  this 
way,  description  forms  were  more  complete,  uniform  and  unbiased  than  If  a 
single  scientist  completed  the  task. 

There  sere  several  assumptions  made  when  formulating  concepts. 
These  are  as  follows: 

e  All  surfaces  are  contaminated,  l.e.  ceilings,  floors, 
walls,  sumps,  and  equipment. 

•  Contaminants  have  penetrated  Into  porous  media. 

e  Site  surveys  established  a  baseline  to  describe  realistic 
concepts. 

For  each  concept  waste  treatment,  waste  disposal,  and  process  variations 
were  addressed.  Appendix  III  contains  the  detailed  concept  description 
forms  for  each  envisioned  concept. 
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5.0  SURVEY  RESULTS 

5.1  INTRODUCTION 


Both  agent  and  explosive  installations  were  surveyed  by  project 
team  members.  The  survey  was  designed  to  define  the  types  and  character¬ 
istics  of  surfaces,  materials,  and  structures  which  might  require  decon¬ 
tamination.  This  Information,  not  available  by  any  other  route,  has  been 
be  applied  to  the  evaluation  of  various  decontamination  processes  proposed 
in  this  study. 

The  survey  covered  five  installations  with  detailed  characteri¬ 
zations  of  over  twenty  Individual  structures.  In  some  cases,  the  build¬ 
ings  characterized  were  considered  representative  of  duplicate  operations 
at  the  same  facility,  or  operations  at  other  installations  built  in  the 
same  time  period  using  the  same  general  building  designs.  The  installa¬ 
tions  visited  were:  Edgewood  Area  of  the  Aberdeen  Proving  Grounds,  Joliet 
Army  Ammunition  Plant,  Sunflower  Army  Ammunition  Plant,  Rocky  Hountaln 
Arsenal,  and  Louisiana  Army  Ammunition  Plant.  The  structures  ranged  f'  ■«» 
small  frame  buildings  built  in  1942  to  large  concrete  and  steel  complexes 
built  in  the  late  1970's.  Contaminants  Included  a  variety  of  explosives, 
chemical  warfare  agents,  and  chemicals. 

Candidate  Installations  were  nominated  on  the  basis  of  published 
literature  and  information  from  Army  and  Battelle  personnel  who  had  rec¬ 
ently  visited  various  installations.  Factors  used  In  selecting  sites  for 
visits  included  age,  contaminants,  and  status  (active  versus  stand-by). 
Records  Research  Reports  (accessed  through  the  Project  Officer)  were  re¬ 
viewed  to  ensure  that  the  desired  information  was  not  already  available 
and  to  Identify  specific  candidate  operations  and  structures  to  focus  the 
survey  effort  prior  to  the  Installation  visit. 

During  each  site  visit,  additional  guidance  was  sought  from 
operating  personnel  in  the  selection  of  structures  to  be  surveyed.  Fur- 


ther  discussion  was  sought  from  operating  personnel  with  regard  to  opera¬ 
tion  objectives,  operating  conditions,  and  any  specific  circumstances  re¬ 
lating  to  decontamination.  Survey  activities  included  Inspections,  note- 
taking,  photography  (when  permitted),  contamination  measurements,  and 
examination  of  maps,  plans,  and  engineering  drawings. 

The  information  obtained  in  the  surveys  was  distributed  to  the 
project  team  by  internal  trip  reports  which  included  photographs,  draw¬ 
ings,  and  discussions  of  operating  conditions. 

5.2  SUMMARY  OF  STRUCTURES,  MATERIALS  AND  CONTAMINANTS 


The  range  of  surfaces,  materials  and  contaminants  defined  by  the 
survey  is  summarized  in  the  matrix  in  Table  1.  It  may  be  noted  that  some 
materials  predominate  at  various  locations.  For  example,  at  Sunflower 
AAP,  frame  structures  built  in  the  early  1940's  contain  a  large  proportion 
of  plywood  paneling,  while  corresponding  structures  at  Joliet  AAP  contain 
a  large  proportion  of  translte  paneling.  The  materials  at  Louisiana  AAP 
were  much  more  varied  because  the  currently  operating  LAP  lines  originally 
constructed  in  the  1940's  have  been  modified  over  the  years  using  mater¬ 
ials  available  at  the  time  of  the  renovation. 

The  degrees  of  contamination  observed  varied  over  a  wide  range. 
Most  of  Che  buildings  surveyed  were  classified  3X  but  some  were  not  de¬ 
contaminated  at  all.  Explosives  contamination  varied  from  no  visible  con¬ 
tamination  to  obvious  deposits  of  explosives  in  cracks  or  crevices. 
Chemical  contamination  varied  from  no  visible  to  obvious  contamination 
stains,  i.e.,  B-l  dye.  Agent  contamination  varied  from  no  contamination 
detected,  e.g.  no  GB  by  bubbler  determinations,  to  detectable  residual 
odors,  e.g.,  mustard.  The  structures  surveyed  exhibited  a  wide  range  of 
designs  and  conditions.  Designs  varied  from  one  room  frame  buildings  from 
the  1940's  to  multi-story,  concrete  and  steel  complexes  built  in  the 
1950's  to  late  1970's  (e.g.,  the  GB  plant  at  RMA  and  the  nltroguanldlne 
plant  at  Sunflower  AAP).  The  condition  of  the  structures  observed  varied 
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widely  depending  on  materials  and  climate,  but  principally  on  the  state  of 
readiness  or  use.  Frame  structures  from  the  1940's  varied  most  in  condi¬ 
tion.  Some  were  in  a  state  of  ruin  while  others  were  freshly  painted, 
completely  maintained,  and  in  a  state  of  high  readiness. 

The  range  of  equipment  within  buildings  varied  over  a  similarly 
wide  range.  Some  buildings  contained  simple  process  tanks  with  a  minimum 
of  pipes,  wiring  or  ducting  while  others  contained  complex  machine  lines 
with  elaborate  piping,  steam  ducts,  conduit,  wiring,  and  control 
equipment. 

In  general,  less  thermal  insulation  was  observed  than  expected 
in  typical  Industrial  structures.  Host  frame  structures  contained  no  in¬ 
sulation  within  the  walls  and  a  minimum  of  insulation  on  steam  pipes 
within  the  manufacturing  areas.  Some  frame  structures  showed  "inside-out" 
design  l.e.  interior  panels  with  framing  exposed  on  the  exterior  of  the 
building. 


S.3  CURRENT  SITUATIONS 


At  Joliet  AAP,  a  number  of  buildings  have  been  designated  for 
scheduled  excesslng.  Two  major  constraints  were  identified  by  installa¬ 
tion  personnel  in  terms  of  removal  of  some  of  the  buildings.  First,  the 
buildings  to  be  excessed  are  adjacent  to  other  buildings  contaminated  with 
explosives.  Second,  the  buildings  to  be  excessed  contain  significant 
amounts  of  transite  (asbestos-base)  paneling.  It  is  projected  that 
"flashing",  the  present  state-of-the-art  explosives  decontamination  meth¬ 
od,  presents  an  explosion  hazard  in  terms  of  the  adjacent  buildings  and 
"flashing"  of  these  buildings  presents  a  potential  for  uncontrolled  emis¬ 
sions  of  asbestos. 


The  survey  findings  established  a  range  of  materials  for  poten¬ 
tial  application  of  decontamination  procedures.  The  results  had  most  im¬ 
pact  on  the  study  in  terms  of  making  evaluation  criteria  realistic.  The 
criteria  were  developed  taking  into  account  the  reality  of  such  factors  as 
multiple-coated  or  deteriorated  paints,  blind  areas  in  structures,  and  the 
complications  presented  by  conduit  and  piping.  The  survey  also  inhibited 
oversimplification  of  the  goals  and  scope  of  this  program. 

The  survey  also  identified  a  need  to  inert  obsolete  building  and 
equipment  to  a  non-explosive  state  so  that  demolition  of  these  buildings 
could  be  safely  performed.  The  survey  results  pointed  to  a  need  for  such 
alternatives  to  the  present  "SX/flashing"  procedure  for  buildings.  The 
alternative  need  not  be,  however,  a  one-step  process.  Incremental  mea¬ 
sures  which  could  be  combined  with  routine  dismantling  steps  might  meet 
the  needs  observed  in  current  operations. 


6.0  CRITERIA  FOR  EVALUATION 


6.1  CONCEPT  EVALUATION 


In  general,  evaluation  criteria  were  developed  to  aid  in  the 
selection  of  methods  for  further  development  in  Phase  II.  To  make  this 
evaluation,  seven  general  evaluation  criteria  were  identified  and  des¬ 
cribed  in  relation  to  the  four  concept  categories:  thermal,  abrasive, 
extractive,  and  chemical.  It  was  determined  that  more  meaningful  evalua¬ 
tion  could  be  accomplished  if  the  envisioned  concepts  were  segregated  ac¬ 
cording  to  one  of  four  categories.  This  eliminated  inconsistencies 
Introduced,  for  example,  when  liquid  chemical  reagents  would  be  compared 
with  physical  abrasive  methods.  The  better  concepts  in  each  category  were 
selected  as  a  result  of  this  segregation. 


The  decontamination  concept  criteria  are  presented  In  Table  2. 
For  chemical  treatments,  two  additional  criteria  were  Included,  i.e.  mass 
transfer  and  destruction  efficiency.  In  order  to  consistently  evaluate 
all  the  proposed  methods  a  four-unit  scoring  system  was  developed  in  which 
a  (++•)  rating  was  very  good,  a  (+)  was  good,  a  (-)  was  poor,  and  a  ( — ) 
was  very  poor.  A  four-unit  system  was  chosen  because  it  best  reflected 
the  accuracy  of  the  evaluations.  USATKAMA  reviewed  this  system  and  found 
it  to  be  satisfactory.  The  specific  definitions  of  (++),  (+),  (-),  and 
(--)  as  used  in  scoring  are  presented  in  Table  3.  For  chemical  decontam¬ 
ination  processes,  the  additional  criteria  and  definitions  of  scoring  are 
presented  in  Table  4.  The  definitions  of  the  various  ratings  did  not 
apply  directly  in  all  cases.  When  they  did  not  apply,  they  were  used 
merely  as  guides  to  obtain  a  normalized  scoring. 

The  safety  criterion  refers  to  the  inherent  dangers  present  in 
implementing  any  concept. 

The  damage  to  building  criterion  indicates  the  effort  needed  to 
restore  the  building  after  decontamination.  Repainting  probably  would  be 
necessary  even  without  decontamination,  therefore.  If  repainting  could 
repair  treatment  damage,  the  best  rating  (++)  was  given.  The  poorest 
rating  ( — )  was  given  if  the  cost  of  restoration  would  be  equivalent  to 
the  cost  of  a  new  building. 

Penetration  depth  is  difficult  to  define  because  of  the  wide 
variety  of  materials.  Similarly,  the  penetration  needed  for  decontamina¬ 
tion  is  a  knowledge  gap.  For  example,  a  long-term  thermal  treatment  from 
both  sides  of  a  wall  should  decontaminate  completely  through  a  structure 
and  thus  was  given  the  best  rating  (-H-).  Treatment  with  UV  light  would  be 
expected  to  remove  surface  contamination  only  and  thus  was  given  the 
poorest  rating  ( — ).  Treatment  with  a  gas  was  given  a  (+)  rating  and 
treatment  with  a  liquid  was  given  a  (-)  rating  if  no  unusual  considera¬ 
tions  made  a  different  rating  more  appropriate. 

Applicability  to  complex  surfaces  criterion  addresses  how  well  a 
method  could  be  applied  to  areas  such  as  behind  piping  and  in  corners. 


TABLE  2.  EVALUATION  CRITERIA  FOR  BUILDING  DECONTAMINATION 
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ABLE  A.  CRITICAL  CHEMICAL  PROCESS  REQUIREMENTS  FOR  DECONTAMINATION 
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The  mechanical  removal  treatments  generally  scored  low  in  this  area  while 
the  application  of  liquid  or  gaseous  reactants  scored  high. 

Operating  cost  was  a  measure  of  expense  of  applying  the  treat¬ 
ment  including  set-up  and  tear-down.  Except  for  one  or  two  concepts  in 
which  expensive  reagents  were  required,  the  major  part  of  this  cost  was 
for  manpower.  The  rating  scale  ranged  from  (++)  for  a  cost  equivalent  to 
painting  to  ( — )  for  costs  equivalent  to  rebuilding. 

Capital  costs  were  the  costs  associated  with  purchasing  equip¬ 
ment  to  apply  the  treatment.  Equipment  purchased  as  a  capital  cost  would 
be  reusable  at  another  facility.  Cost  of  disposable  equipment  was  con¬ 
sidered  part  of  operating  cost.  The  rating  was  based  on  order  of  magni¬ 
tude  ranges,  from  less  than  $10,000  which  was  scored  C++),  to  more  than 
$1,000,000  which  was  scored  ( — ). 

The  waste  treatment  costs  were  those  costs  associated  with  dis¬ 
posal  of  debris,  used  chemicals,  or  washes.  The  best  score  (-H-)  was  given 
those  processes  which  had  no  waste.  If  conventional  landfill  would  be 
adequate,  the  concept  was  scored  (+),  if  conventional  incineration  or  a 
hazardous  landfill  would  be  required,  the  concept  was  scored  (-),  and  if  a 
special  incinerator  or  permanent  containerized  storage  would  be  required, 
the  concept  was  scored  ( — ). 

Before  any  of  the  chemical  concepts  were  evaluated  under  the 
seven  criteria  outlined  above,  they  had  to  receive  scores  higher  than  ( — ) 
under  the  criteria  of  mass  transfer  and  destruction  efficiency.  These  two 
criteria  were  termed  Critical  Chemical  Process  Requirements.  Hass  trans¬ 
fer  is  a  measure  of  the  predicted  effective  contact  between  specific  rea¬ 
gents  and  contaminants.  Destruction  efficiency  refers  to  the  combined 
measure  of  reaction  efficiency  and  toxicity  of  the  products.  A  method 
received  a  score  of  (++)  if  the  reaction  proceeds  readily  to  completion 
(99.91) and  did  not  produce  toxic  products,  and  a  score  of  (+)  if  the  re¬ 
action  went  to  completion  but  produced  toxic  products. 

The  scoring  for  the  preliminary  screening  was  made  by  a  jury  of 
three  or  four  chemists  and  engineers  who  ha-1  studied  the  concept.  The 
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score  was  arrived  aC  by  unanimous  decision  after  the  jury  had  discussed 
the  other  possible  scores.  It  was  understood  at  the  outset  that  the 
limited  range  of  scores  and  the  lack  of  weighting  factors  limits  the  ac¬ 
curacy  of  this  method  of  evaluating  concepts.  However,  this  method  was 
adequate  for  recognizing  the  potentially  best  concepts  and  eliminating  the 
poorer  concepts. 

The  next  step  In  the  evaluation  process  consisted  of  summing  the 
individual  scores  for  each  criterion.  If  a  non-chemical  concept  had  a 
total  score  of  less  than  zero,  it  was  eliminated.  If  a  non-chemical  con¬ 
cept  scored  a  ( — )  in  safety,  penetration  depth,  or  applicability  to  com¬ 
plex  surfaces,  it  was  also  eliminated.  If  a  non-chemical  concept  scored 
less  than  zero  in  the  combined  criteria  of  capital  and  operating  costs,  it 
was  eliminated.  The  "surviving"  non-chemical  concepts  were  then  subjected 
to  a  more  rigorous  engineering  evaluation  to  determine  if  a  method  was 
feasible.  Those  concepts  which  were  deemed  feasible  in  terms  of  engi¬ 
neering  were  then  subjected  to  a  coat  analysis  which  is  outlined  in  Sec¬ 
tion  6.3.  The  better  chemical  concepts  were  then  chosen  on  the  basis  of 
their  total  evaluation  scores  and  potential  in  two  areas:  (1)  the  concept 
must  score  a  (-H-)  rating  in  the  destruction  efficiency  criteria,  and  (2) 
the  concept  must  be  applicable  to  at  least  two  or  more  explosives. 

6.2  IOTRTIHG  CONCEPT  EVALUATION 

The  criteria  which  were  applied  to  the  evaluation  of  inerting 
concepts  were  almost  the  same  as  those  criteria  applied  to  the  evaluation 
of  the  decontamination  concepts.  However,  the  Damage  to  Building  criteria 
was  not  applied  to  inerting  concepts  since  the  objective  of  inerting  was 
to  render  an  explosives  contaminated  building  safe  for  demolition.  The 
criterion  termed  Inerting  Potential  was  utilized  instead  of  the  Destruc¬ 
tion  Efficiency  criterion  used  for  evaluation  of  decontamination  concepts. 
The  criteria  and  descriptions  for  inerting  concepts  are  presented  in  Table 
5.  The  specific  definitions  of  (++),  (+),  (-),  and  ( — )  used  in  scoring 


TABLE  5.  EVALUATION  CRITERIA  FOR  BUILDING  INERTING 
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these  concepts  are  presented  in  Table  6*  A  pre-screening  approach  using 
the  Mass  Transfer  and  Inerting  Potential  criteria  was  not  followed  in 
evaluating  the  inerting  concepts. 

6.3  COST  EVALUATION 

Concepts  surviving  the  preliminary  screening  were  evaluated  on 
the  basis  of  the  cost  of  applying  the  concept.  A  detailed  cost  analysis 
can  be  found  in  Appendix  II.  To  estimate  the  cost,  a  hypothetical  ex¬ 
plosives  facility  was  assumed.  The  model  facility  was  very  small  and  any 
real  facility  will  likely  be  several  times  as  large.  The  hypothetical 
facility  costed  contains  three  buildings,  each  60  feet  long,  30  feet  wide, 
and  25  feet  high.  One  building  is  made  of  blast  resistant  concrete,  2 
feet  thick;  one  building  is  made  of  brick  and  mortar  12  inches  thick;  and 
one  building  is  made  of  wood  with  5/8  inch  siding  on  both  sides  of  2x6  in 
studs.  The  floors  of  all  buildings  were  assumed  to  be  1-foot  thick  con¬ 
crete.  The  total  weight  of  equipment,  stairs,  and  pipes  in  the  building 
is  assumed  to  be  10  tons.  The  three  buildings  were  assumed  to  be  located 
close  together. 

6. A  FINAL  EVALPATIOB 

A  guide  to  concepts  evaluated  in  this  task  report  is  provided  in 
Table  7.  Only  those  physical  and  thermal  concepts  surviving  initial, 
engineering,  and  cost  analyses  will  be  suggested  for  Phase  II.  Since  the 
cost  and  engineering  of  most  chemical  treatments  was  essentially  the  same, 
those  chemical  decontamination  and  inerting  concepts  that  scored  highest 
in  the  evaluation  procedure  will  be  recommended  for  Phase  II  experimental 
verification  studies.  The  final  selection  of  chemical  concepts  for  de¬ 
tailed  experimental  evaluation  will  be  made  after  a  brief  laboratory 
screening  in  Phase  II  studies. 
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Waste  Treat-  landfill  in  place  Uncontrolled  landfill  Hazardous  landfill  Permanent  Storage 

aent  Coat  or  burn  in  place  or  Incinerate  on  site  Special  Incineration 


Hot  Gases 

Radiant  (Infrared)  Heating 

Flanlng 

Microwaves 

Burning  to  Ground 

Flashblasting 

Electrical  Resistance  Contact  Heating 
Solvent  Soak/Controlled  Burning 
CO2  Laser 
Hot  Plasma 


Extraction 


Steam  Cleaning  -  External 

Surfactants 

RadKleen 

Strlppable  Coating 
Vapor  Phase  Solvent  Extraction 
Steam  Cleaning  -  Manual 
Solvent  Circulation 
Supercritical  Fluids 


Inerting 


Vacu-Blaat 

Hydroblasting 

Acid  Etch/ Neutralization 

Sandblasting 

Scarifier 

Demolition 

Crygenics 

Ultrasonic  Extraction 
Electropol ishlng 
Drill  and  Spall 


Chemical 


Radical  Initiated  Decomposition 
Base  Initiated  Decomposition 
Seduction  with  Sodium  Borohydrlde 
Sulfur  Based  Seduction 
Reductive  Cleavage 
Microbial  Degradation 
DS2 

Gamma  Radiation 
Reactive  Amines 

Ultraviolet  Light/Hydrogen  Peroxide 

Molten  Reactant  Systems 

Active  Metals  and  Acids 

Nucleophilic  Displacement 

Ozone 

Ascorbate 

Solid-State  Hydrogen 
Inerting  by  Solubilization 


White  Phosphorus 


Inerting  by  Solubilization  Water-Entrained  Air 

Inerting  by  Denitration  Hypohalogenltes 

Formation  of  Water  Soluble  Derivatives  Aqueous  Cupric  Sulphate 

Desensitization  by  Water  Mineral  Oil  Emulsion 

Desensitization  by  Steaming 
Desensitization  with  Reductants 
Desensitization  with  Stabilizer  Coatings 
Decomposition  with  Reactive  Amines 


There  were  several  concepts  which  did  not  score  well  in  the 
evaluation  scheme,  but  showed  potential  for  a  specific  application.  These 
concepts  may  be  suggested  for  Phase  II  study  if  their  specific  application 
Is  shown  to  exist  In  structures  in  need  of  decontamination.  Brief  de¬ 
scriptions  of  these  specific  concepts  can  be  found  in  Section  7.5. 


7.0  DECONTAMINATION  OF  EXPLOSIVES 

7.1  THERMAL  DECOMPOSITION  OF  EXPLOSIVES 

7.1.1  Introduction 

The  state-of-the-art  method  for  restoration  of  buildings  con¬ 
taminated  with  explosive  residues  is  by  flaming.  The  flaming  technique 
developed  by  Rockwell  Inc.  was  employed  to  decontaminate  several  buildings 
at  the  Frankford  Arsenal  (Lillie,  1981). 

Airing  the  course  of  this  study,  low  temperature  (under  600  F) 
thermal  decomposition  data  for  the  explosives  of  Interest  were  located. 

The  data  revealed  that  complete  decomposition  of  the  explosives  could  be 
accomplished  at  mild  temperatures.  In  most  cases,  lnocuous  gaseous  pro¬ 
ducts  were  formed.  Thus,  several  alternatives  were  Investigated  to  supply 
heat  as  a  means  of  In  situ  thermal  decontamination  of  a  building. 

7.1,2  Thermal  Decomposition  Chemistry  and  Kinetics 

7.1.2. 1  RDX 

RDX  decomposes  either  by  fragmentation  of  the  ring  by  C-N 
cleavage,  by  removal  of  nltro  groups  from  the  ring,  or  by  elimination  of 
H0N0  from  the  ring  (Farber,  1979;  Schroeder,  1979;  Rauch,  1969).  The 
following  are  illustrations  of  the  three  reported  mechanisms: 


C-N  Cleavage 


N02 
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NO, 


N  N 


"1  (  f 

YT  !  1 


CH, 


o2/N/  V°2  o2 


NOo 


N  n  “ '  N°2  +  N  N 

0,N/  N/  sN02  02N7  V  N02 


CH, 


I 


.N  .  H2C^n^N02  — ,  CH  o  +  N2o 

no/  ch/  no2 


2<N02^  ^CH2)  - *■  NOx  +  N2  +  H20  +  CO*... 


NO 2  Removal 


/N-  j^-N-^  ^ 


N*. 


CH2 


N  N  0,N 


f — N 

N  CH2  +  H2C'  XN02  -h.  CH20  +  N20 


0,N,S/  SN02 


:NCH2  +  N02^n 
HONO  Elimination 


^CH2  - *  NOx  +  H20  +  N2  +  C0+ 


02N 


NO,  m 

r  i 

- >  N  N  +  HONO 

/N\^N'N02  o2n'  \/  vno2 


rS 


Table  8  Uses  reported  RDX  thermal  decomposition  products  as 
well  as  the  product  distribution.  The  thermal  decomposition  of  RDX  Is 
autocatalyzed  by  Its  decomposition  products.  Autocatalysis  Is  demon¬ 
strated  by  a  slov-rate  (Induction)  period  during  the  Initial  stages  of 
thermal  decomposition.  As  the  products  Increase  in  concentration,  the 
rate  of  reaction  Increases  (Batten,  1969).  Among  the  products  listed  in 
Table  8,  N2o,  HCN,  CH20  and  N-hydroxy-N-methylformamlde,  have  been 
reported  to  catalyze  the  reaction  vhereas  (102  and  H20  have  been  re¬ 
ported  to  Inhibit  the  reaction. 

Other  materials  have  been  shown  to  catalyze  the  reaction  in¬ 
cluding  several  types  of  vaxes  (Joyner,  1970),  UV  light  (Batten,  1972), 
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gamma  radiation  (Avrami,  1976),  asphaltic  and  alkyd  paints  (Joyner,  1970, 
Joyner  1969)  nuclear  radiation  (Batten,  1972),  CuS04  (Batten,  1971), 
carbazole  (Batten,  1971)  and  methanol  (Batten,  1971).  Plasticizers 
(Perrault,  1979)  have  also  been  reported  to  inhibit  the  reaction. 

Arrhenius  expressions  for  the  temperature  effect  on  the  rate 
constant  have  been  cited  for  chermal  decomposition  in  the  solid  phase 
(Miles,  1972;  Hall,  1970;  Goshgarian,  1976;  Schroeder  —  to  be  published) 
and  liquid  phase  (Schroeder,  1980;  Urbanski,  1964;  Rauch,  1969).  The 
following  are  expressions  for  the  rate  constant  (k)  (Schroeder,  1980): 

Solid  Phase  RDX 

k  (sec-l)  -  4.0  x  1018  exp  (-51,000/RT) 
temperature  range  ”  150-197  C 

Liquid  Phase  RDX 

k  (sec-1)  ,  4.7  x  10I8  exp  (-47,800/RT) 
temperature  range  *  207-299  C 

where  T  «  Temperature  (°K) 

R  -  Gas  constant  *  1.987  cal/gmmole  °K 
The  above  expressions  Include  autocatalytlc  and  gas  phase  decomposition 
effects. 

A  number  of  kinetic  studies  have  been  performed  on  the  thermal 
decomposition  of  RDX.  The  rate  of  thermal  decomposition  of  RDX  has  been 
shown  to  follow  first  order  kinetics  (Schroeder  —  to  be  published; 
Urbanski,  1964;  Robertson,  1949)  although  complex  kinetics  may  be  observed 
under  some  conditions  (Schroeder,  1979;  Schroeder  —  to  be  published). 

The  literature  indicates  that  RDX  melts  (mp  -  204  C)  before  rapid  and  ex¬ 
tensive  decomposition  occurs  (Goshgarian,  1976;  Schroeder,  1979;  Kishore, 
1978).  However,  Cosgrove  (1974)  showed  that  at  195  C,  83  percent  of  the 
RDX  decomposed  in  less  than  4  hours.  Kreyenhagen  (1962)  showed  that  the 
rate  of  gas  evolution  substantially  Increased  between  185  and  190  C. 

The  following  first  order  rate  equation  can  be  used  to  describe 
the  kinetics: 

C 

In  (co)  -  -kt 


I 


where  C  *  Concentration  of  RDX  at  tine  t  (gmmole/cm3) 

Co  m  Initial  concentration  of  RDX  (gmmole/cm3) 
k  =  Arrhenius  expression  (sec~l) 
t  *  time  (sec) 

A  plot  of  the  time  required  for  99  percent  decomposition  of  RDX  versus 
temperature  is  given  in  Section  7.1.3. 

There  is  an  extensive  body  of  literature  pertaining  to  the 
thermal  decomposition  of  RDX.  Product  distributions  and  reaction  kinetics 
have  been  addressed  in  sufficient  detail. 

7. 1.2. 2  HMX 


The  mechanism  of  the  thermal  decomposition  of  HMX  is  similar  to 
that  of  RDX  (Klshore,  1978;  Schroeder,  1979).  HMX  decomposition  occurs 
either  by  cleavage  of  N-N  bonds  followed  by  reaction  of  N02  with  ring 
fragment  radicals*  (Kolb,  1981;  Kimura,  1980;  Medvedev,  1977),  by  elim¬ 
ination  of  HOMO**  (Kolb,  1981;  Farber,  1979;  Schroeder,  1979;  Schroeder, 
1980),  or  by  breakage  of  C-N  bonds  rather  than  weaker  N-N  bonds  (Kolb, 
1981;  Schroeder,  1979).  The  NO2  removal  reaction  scheme  is  illustrated 
below: 


H., 


h2 

°2NVCVN02  °2nVCY 

11  II 

h2c  ch2  — »  h2c  ch2 

02N/NVNnN°2  °2H  V'N02 


h2 


+ 

NO, 


H, 


N  nh 
I  I 

H?C  CHO 
I 

N* 

0-N'  I 


o2nv 


Hi  CHO 


0”N-0 

I 

H,C=N 

1  * 
O-N-O 

I  I 

h2c-nn 


'NH 


+  n2  +  ch2o 


n2o  +  CH20 


CH.-N-CH  +  n2o 
OH 


*  Predominant  mechanism  above  300C. 

**  Predominant  mechanism  below  300C. 


TABLE  9.  HMX  THERMAL  DECOMPOSITION  PRODUCTS 
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Table  9  gives  reported  HMX  thermal  decomposition  products  as 
well  as  the  product  distribution.  The  products  for  thermal  decomposition 
of  HMX  are  Identical  to  those  for  RDX. 

Because  of  the  similar  chemical  structures  of  RDX  and  HMX,  the 
same  catalysts  (and  inhibitors)  will  similarily  influence  the  thermal  de¬ 
composition  rate  of  both  RDX  and  HMX.  For  example,  formaldehyde  and 
N-hydroxy-N-methylformamide  enhance  the  decomposition  rate  of  both  RDX  and 
HMX.  This  is  important  because  military  grade  HMX  contains  up  to  10  per¬ 
cent  RDX  (Kreyenhagen,  1962).  Since  the  deccmposltlon  of  PDX  results  in 
the  formation  of  species  which  catalyze  the  decomposition  of  HMX,  military 
grade  HMX  may  decompose  quicker  and  at  a  lower  temperature  than  pure  HMX 
(Kreyenhagen,  1962). 

Arrhenius  expressions  for  the  temperature  effect  on  the  rate 
constant  have  been  cited  for  thermal  decomposition  of  HMX  in  the  solid 
phase  (Schroeder,  1980;  Medvedev,  1977)  and  in  the  liquid  phase 
(Schroeder,  1980;  Schroeder  —  to  be  published;  Robertson,  1949).  Fol¬ 
lowing  is  an  expression  for  the  rate  constant  which  is  applicable  to  both 
solid  and  liquid  phase  thermal  decomposition  of  HMX: 

k  (sec-1)  -  8.9  x  1019  exp  (-53,100/RT) 

As  in  the  case  of  RDX,  HMX  follows  first  order  kinetic  behavior 
for  the  rate  of  thermal  decomposition  (Sinclair,  1971)  and  both  exhibit 
exothermic  and  autocatalytic  behavior  upon  heating.  However,  HMX  is  con¬ 
siderably  more  thermally  stable  than  RDX  (Kolb,  1981)  so  higher  temper¬ 
atures  are  required  to  cause  decomposition  of  pure  HMX.  Pure  HMX  melts 
(mp  «  280  C)  before  rapid  and  extensive  decomposition  occurs  (Goshgarlan, 
1976;  Andreyev,  1969;  Klshore,  1978)  although  the  rate  of  decomposition 
begins  to  increase  at  about  250  C.  Several  papers  cited  complete  decom¬ 
position  of  HMX  at  temperatures  at  or  below  the  melting  point  (Kimura, 
1980;  Kishore,  1978;  Haycock,  1969). 

An  equation  similar  to  the  one  given  in  7. 1.2.1  (with  a  differ¬ 
ent  Arrhenius  expression)  was  used  to  plot  the  time  required  for  99  per- 
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cent  decomposition  of  HMX  versus  temperature.  The  plot  is  given  in  Sec¬ 
tion  7.1.3. 

As  in  the  case  of  RDX,  the  thermal  decomposition  of  HMX  is  well 
documented. 

7. 1.2.3  TNT 


The  TNT  thermal  decomposition  reaction  has  been  described  as  a 
three  stage  process  (Pasman,  1969):  1)  a  chemical  induction  period  where 

there  is  little  reaction,  2)  an  auto  acceleration  period  where  the  decom¬ 
position  rate  Increases  as  a  result  of  autocatalysis  and  3)  a  decreasing 
rate  period  caused  by  consumption  of  the  reacting  compounds. 

There  are  conflicting  reports  as  to  the  actual  mechanism  of  de¬ 
composition.  Davis  (1981)  reported  that  TNT  decomposes  by  removal  of  the 
nitro  groups  as  a  result  of  radical  formation.  Dacons  (1970),  Maksimov 
(1974),  and  Rogers  (1967)  reported  the  following  decomposition  reaction 
scheme  involving  successive  oxidation  of  the  TNT  molecule: 


The  rate  controlling  step  in  the  above  scheme  is  the  cleavage  of  the  C-H 
bond  (Shackelford,  1977). 

Unlike  HMX  and  RDX,  TNT  generates  a  relatively  small  quantity  of 
gaseous  decomposition  products  during  the  early  decomposition  stages 
(Roglnskii,  1964;  Joyner,  1970;  Dacons,  1970;  Rogers,  1967).  The  inter¬ 
mediate  products,  shown  in  Table  10  undergo  a  secondary  decomposition  to 
yield  gaseous  products  (Joyner,  1970).  For  slow  heating  rates  at  temper¬ 
atures  below  200  C,  4,6-dlnltroanthranil,  2,4,6-trlnltrobenzaldehyde,  and 
"explosive  coke"  are  the  primary  products  (Dacons,  1970).  The  "explosive 
coke"  is  a  polymeric  species  containing  some  aromatic  nitro  groups  and  is 
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reasonably  energetic  (Dacons,  1970).  For  high  heating  rates  at  higher 
temperatures  (230  C),  1 ,3,5-trinitrobenzene  (TNB)  is  the  major  product 
(Rogers,  1967).  TNB  is  thermally  stable  at  temperatures  as  high  as 
280-300  C;  however,  it  may  also  undergo  secondary  thermal  decomposition  to 
yield  gaseous  products  although  at  a  much  slower  rate  than  for  TNT. 

As  in  the  case  of  most  other  explosives,  the  products  from 
thermal  decomposition  of  TNT  catalyze  the  reaction  (Andreyev,  1969; 
Roginskll,  1964;  Kreyenhagen,  1962).  Several  other  reports  Indicate  that 
other  catalysts  enhance  the  thermal  decomposition  of  TNT  including: 

•  HMX  decomposition  products  (Ullby,  1963) 

•  RDX  decomposition  products  (Vilby,  1963) 

•  Carbon  or  other  easily  oxidized  material  (Deason,  1959) 

•  UV  light  (Robertson,  1948) 

•  KCL,  KNO3  (Pasman,  1969) 

•  Ammonia  gas  (Robertson.  1948) 

•  Mn02>  Pe2°3’  KHnO^,  Cobalt  compounds  (Robertson,  1948) 

a  Benzophenone ,  dlphenylamlne,  various  waxes  (Robertson,  1948) 

•  Hydroquinone,  benzoic  acid  (Shackelford,  1977) 

•  Prior  heating  (Ellison,  1980) 

•  Asphalts,  405  wax,  450  wax,  alkyd  paints  (Joyner,  1970) 

•  Stainless  steel  welding  impurities  (Kreyenhagen,  1962) 

Zeman  (1979)  found  a  reduced  thermal  stability  of  TNT  when 
heated  in  glass  containers  which  was  a  caused  by  an  interaction  of  TNT 
with  the  alkaline  components  of  the  glass.  Alkaline  building  materials 
(e.g.  concrete)  may  show  a  similar  catalytic  effect  on  the  thermolysis  of 
TNT. 

Several  Arrhenius  expressions  for  the  thermal  decomposition  rate 
constant  have  been  reported  (Zeman,  1979;  Cook,  1956;  Robertson,  1948) 
with  the  equations  and  values  for  the  rate  constants  at  several  temper¬ 
atures  shown  in  Table  11.  The  Arrhenius  equation  reported  in  Robertson's 
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work  (1948)  may  be  preferred  for  use  in  "real  world”  conditions  because  it 
incorporates  effects  such  as  autocatalysis  and  the  exothermicity  of  the 
reaction  into  the  equation.  In  contrast,  the  experiments  detailed  in 
Cook's  paper  (1956)  focuses  on  the  determination  of  the  theoretical  (un¬ 
catalyzed,  isothermal)  decomposition  of  TNT.  The  value  for  k  at  200  C  for 
the  expression  given  in  Robertson  (1948)  also  corresponds  closely  with  the 
k  calculated  from  data  given  by  Joyner  (1970).  Thus,  the  expression  from 
Robertson  (1948)  will  be  employed  in  the  kinetic  equation  describing  TNT 
thermal  decomposition. 

TNT  has  been  shown  to  exhibit  a  storage  life  in  excess  of  20 
years  at  room  temperature  and  over  2  years  at  its  melting  point  (81  C) 
(Kaye,  1980).  The  stability  of  TNT  at  elevated  temperatures  has  been  re¬ 
ported  in  numerous  studies  including  (Kayser,  1974;  Urbanski,  1964; 
Robertson,  1948).  Urbanski  (1964)  cited  a  temperature  of  160  C  where  the 
thermal  decomposition  of  TNT  begins.  A  rapid  reaction  rate  was  observed 
at  temperatures  above  200  C  (Dacons,  1970;  Roglnskll,  1964).  Complete 
decomposition  of  TNT  was  reported  after  heating  TNT  at  300  C  for  75  min¬ 
utes  leaving  a  charred  residue  (Kayser,  1974);  however,  Guidry  (1978) 
demonstrated  that  nearly  complete  decomposition  occurred  when  TNT  was 
heated  at  285  C  for  about  10  minutes.  Thus,  in  contrast  to  most  other 
explosives,  TNT  requires  temperatures  well  above  its  melting  point  to 
cause  marked  decomposition.  Also,  decomposition  is  primarily  a  liquid 
phase  phenomena  with  TNT  vapor  being  stable  at  a  temperature  of  300  C 
(Cook,  1956;  Guidry,  1978).  Further,  Maksimov  (1971)  estimated  that  the 
decomposition  rate  for  liquid  TNT  is  at  least  an  order  of  magnitude  greter 
than  for  vapor  TNT. 

The  decomposition  reaction  has  been  shown  to  follow  first  order 
kinetics  (Shackelford,  1977;  Beckmann,  1976;  Guidry,  1978)  following  a 
slow  rate  Induction  period  lasting  5-10  minutes  (Ellison,  1980).  The 
first  order  kinetic  equation,  similar  to  the  one  given  in  Section  7. 1.2.1, 
employs  the  rate  constant  from  Robertson  (1948).  A  plot  of  the  time  re¬ 
quired  for  99  percent  decomposition  of  TNT  versus  temperature  is  given  in 
Section  7.1.3. 


It  Is  Important  to  note  that  the  reaction  rate  may  be  Increased 
(a  decrease  In  reaction  time  or  an  Increase  in  rate  at  lower  temperatures) 
by  adding  a  catalyst  such  as  those  previously  listed.  For  example,  a  half 
life  of  pure  TNT  at  190  C  was  given  as  43,200  seconds  while  for  TNT  with 
405  wax  added  the  half  life  was  only  732  seconds  (Joyner,  1970). 

The  results  reported  on  the  thermal  decomposition  of  TNT  are 
conflicting  In  many  cases. 

7. 1.2. 4  PNT 

The  mechanism  of  thermal  decomposition  of  DNT  is  similar  to  that 
of  TNT  (Maksimov,  1971).  In  TNT;  2,4-DNT  and  2,6-DNT,  the  nitro  groups 
are  In  an  ortho  position  relative  to  the  methyl  group.  For  this  posi¬ 
tioning,  the  most  energetically  favorable  thermal  decomposition  mechanism 
In  the  vapor  phase  Is  a  rapid  lntermolecular  oxidation  of  the  CH^  group 
with  retention  of  the  C-N  bond  (Maksimov,  1972;  McMillen,  1981).  However, 
In  a  melt  (i.e.  liquid  phase)  abstraction  of  a  NO^  group  through  C-N  bond 
cleavage  may  be  the  predominant  mechanism  (Maksimov,  1971).  The  thermal  de¬ 
composition  of  2,4-DNT  and  2,6-DNT  results  in  the  formation  of  about  3  to 
3.5  moles  of  gas  per  mole  of  DNT  decomposed  (Maksimov,  1972).  The  gas  is 
in  part  composed  of  NO,  N02  and  H2O  (Maksimov,  1971).  In  addition  to 
gaseous  products  a  brown  solid  deposit  forms  in  thermolysis  of  DNT 
(Maksimov,  1972)  which  is  similar  to  that  formed  in  thermolysis  of  TNT. 

As  In  TNT,  the  DNT  thermolysis  reaction  is  autocatalytic 
(Maksimov,  1972).  The  Influence  of  a  catalyst  on  the  decomposition  rate 
was  described  in  (Small,  1973)  where  the  presence  of  2.5  percent  Na2C03 
decreased  the  decomposition  temperature  of  DNT  from  260-290  C  (neat  DNT) 
to  197-242  C.  Because  of  the  similar  chemical  structure,  catalysts  which 
increase  the  rate  of  thermal  decomposition  of  TNT  are  expected  to  Increase 
the  rate  of  DNT  thermolysis. 
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The  temperature  dependence  on  the  thermal  decomposition  rate 
constant  was  reported  by  Maksimov  (1972),  McMillen  (1981)  and  Zeman 
(1979).  The  following  are  expressions  from  Zeman  (1979): 

2,4  DNT 

k  (sec-1)  -  109  exp  (-33,350/RT) 

2,6  DNT 

k  (sec-1)  -  2x101*  ^  (-47,530/RT) 

Several  Investigations  of  the  rate  of  thermal  decomposition  of 
2,4-DNT  and  2 ,6-DNT  have  been  performed  (Zeman,  1979;  Maksimov,  1972; 
Small,  1973  and  McMillen,  1981).  Maksimov  (1972)  determined  that  the  2,6 
Isomer  has  the  fastest  decomposition  rate  of  all  of  the  DNT  isomers. 
Maksimov  (1971)  also  showed  that  the  decomposition  rate  In  the  liquid  DNT 
phase  was  greater  than  the  rate  In  the  vapor  phase  because  of  intermole- 
cular  Interaction  in  the  liquid  phase  which  -facilitate  the  decomposition. 
The  rate  of  thermal  decomposition  of  DNT  is  initially  slow  during  an  in¬ 
duction  period  after  which  the  rate  accelerates.  Small  (1973)  Indicated 
that  after  an  Induction  period  of  several  hours  at  relatively  low  temper¬ 
atures  (150-200  C),  the  decomposition  rate  became  significant.  Since 
definitive  kinetic  data  Is  lacking.  It  was  assumed  that  the  decomposition 
of  2,4  DNT  and  2,6  DNT  followed  first  order  kinetics.  Plots  of  the  time 
for  99  percent  decomposition  of  DNT  versus  temperature  are  given  in 
Section  7.1.3. 

Incomplete  information  is  available  on  the  kinetics  and  products 
of  thermal  decomposition  of  either  2,4  DNT  or  2,6  DNT. 

7. 1.2. 5  Tetryl 

The  primary  step  in  the  thermal  decomposition  of  tetryl  Is 
reported  (Kaye,  1980)  as: 

h3c  no2  h3c 

0!ToT°!  —  vto P  * 
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Subsequent  reaction  steps  are  unknown.  Dubovltskll  (1961)  indicated  that 
the  primary  reaction  step  yields  picric  acid  as  follows: 


The  products  of  the  thermal  decomposition  of  tetryl  are  given  in 
Table  12.  It  is  Important  to  note  that  although  picric  acid  is  a  major 
decomposition  product  it  will  decompose  to  volatile  products  upon  further 
heating  (Kara,  1975). 

The  thermal  decomposition  of  tetryl  is  catalyzed  by  the  inter¬ 
mediate  product  picric  add.  Other  catalysts  or  inhibitors  have  not  been 
reported. 

Several  studies  detersiined  the  Arrhenius  expression  for  tetryl 
decomposition  (Robertson,  1948;  Dubovitskii,  1961;  Cook,  1956;  Kaye, 

1980).  Two  distinct  experimental  methods  used  to  obtain  kinetic  data 
(heat  evolution  and  gas  evolution)  resulted  In  quite  different  expressions 
(Urbanskl,  1964).  The  method  employing  measurement  of  gas  evolution  used 
by  Robertson  (1948)  and  Dubovitskii  (1961)  is  probably  the  more  realistic 
because  it  incorporates  autocatalytic  effects.  The  following  is  the 
Arrhenius  expression  from  Robertson  (1948): 

k  (sec-1)  -  2.5x1015  exp  (-38,400/RT) 

It  has  been  reported  (Urbanskl,  1964)  that  tetryl  has  a  storage 
life  at  room  temperature  in  excess  of  20  years.  However,  as  the  melting 
point  of  tetryl  (130  C)  is  reached,  the  decomposition  rate  Increases 
sharply  (Urbanskl,  1964;  Farmer,  1920).  Dubovitskii  (1961)  reports  that 
tetryl  is  completely  decomposed  at  150  C  in  about  450  minutes  and  at  160  C 
in  about  150  minutes.  For  the  plots  of  time  for  99  percent  decomposition 
of  tetryl  versus  temperature  (given  in  Section  7.1.3),  it  was  assumed  that 
the  reaction  followed  first  order  kinetics. 

The  state-of-the-art  for  tetryl  thermal  decomposition  is  quite 
well  developed. 


TABLE  12.  T ETHYL  THERMAL  DECOMPOSITION  PRODUCTS 
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7. 1.2.6  Nitrocellulose 


Nitrocellulose  is  a  high  molecular  weight  compound  which,  because 
of  its  inability  to  melt  or  vaporize,  thermally  decomposes  in  the  solid 
state  (Andreyev,  1969).  There  are  three  modes  in  which  nitrocellulose 
(NC)  is  thermally  degraded: 

1)  Hydrolysis  of  ester  (-ONO2)  groups  which  accounts  for  1/3 
to  1/2  of  the  decomposition  reaction  (Leider,  1981; 

Kageyama,  1973;  Wolfrom,  1956), 

2)  Hydrolysis  of  linkages  between  glucose  units 
(Drbanski,  1964), 

3)  Intermolecular  oxidation  (Urbanskl,  1964). 

The  degradation  process  results  in  depolymerization  of  the  NC  with  subse¬ 
quent  formation  of  volatile  and  gaseous  species. 

Table  13  lists  the  products  formed  on  thermal  decomposition  of 
NC  at  elevated  temperatures  (300  C).  Gaseous  products  predominate  as  il¬ 
lustrated  in  Table  13.  At  lower  temperatures  (175-250  C),  NC  tends  to 
decompose  to  a  nonvolatile  residue  (Ettre,  1963).  However,  Urbanski 
(1964)  has  shown  that  NC  decomposes  at  150  C  by  the  following  equation: 

c24H2909(N03)a _ >6.27  CO2  +  3.58  CO  +  5.37  NO  + 

2.70  N2  +  8.0  H2O 

The  decomposition  reaction  is  autocatalytic  since  the  rate  of  re¬ 
action  was  shown  to  Increase  when  the  gaseous  deomposition  products  were 
allowed  to  accumulate  near  the  surace  of  the  decomposing  NC  (Andreyev, 
1967).  Experiments  have  shown  that  an  oxygen  atmosphere  enhances  the  de¬ 
composition  rate  (Andreyev,  1967),  whereas  an  inert  atmosphere  inhibits 
the  rate  (Seborg,  1961).  Lead  has  also  ben  shown  to  catalyze  the  decom¬ 
position  of  NC  (Baumann,  1965). 


TABLE  13.  NITROCELLULOSE  THERMAL  DECOMPOSITION  PRODUCTS 
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Arrhenius  expressions  for  the  rate  constant  have  been  reported 
(Dahn.  1980;  Lelder,  1981;  Volltrauer,  1981;  Urbanskl,  1964).  The  fol¬ 
lowing  expression  (Urbanskl,  1964)  was  selected  because  It  yields  the  most 
conservative  values: 

k  (sec-1)  .  3x1014  exp  (-37,700/RT) 

As  with  most  explosives,  the  stability  of  nitrocellulose  at  room 
temperature  is  on  the  order  of  years.  Decomposition  begins  at  about 
160-170  C  (Urbanskl,  1964;  Takehlro,  1958).  At  a  slightly  higher  temper¬ 
ature  (195  C),  NC  decomposes  rapidly  (Kageyama,  1973),  indicating  Its 
thermal  instability  at  moderate  temperatures. 

Several  Investigations  have  been  made  of  the  kinetics  of  NC 
thermal  decomposition  (Lelder,  1981;  Volltrauer,  1981;  Andreyev,  1969;  • 
Seborg,  1961).  The  decomposition  has  been  shown  to  follow  second  order 
kinetics  (Lelder,  1981)  by: 

2  RONO2  _ —>  Products 

The  Integrated  kinetic  equation  Is  then: 

F¥]-  « 

where  Co  -  2.31  (mean  ester  number  of  nitrocellulose) 

C  -  concentration  at  time  t  (gmmole/cm3) 
k  »  Arrhenius  expression  (sec"l) 
t  -  time  (sec) 

A  plot  of  the  time  versus  temperature  for  NC  thermal  decomposition  Is 
given  In  Section  7.1.3. 

The  state-of-the-art  of  NC  thermal  decomposition  Is  quite  well 
developed.  However,  more  Information  Is  required  concerning  the  kinetic 
parameters  of  decomposition  for  the  specific  types  of  NC  (l.e.  12.62  N, 
13.452  and  14.142  N). 

7. 1.2. 7  Nitroglycerin 

The  thermal  decomposition  mechanism  of  nitroglycerin  (NG)  Is 
reported  to  follow  several  stages  (Andreyev,  1963;  Svetlov,  1963).  Waring 


(1970)  gives  the  following  as  the  mechanism: 

H2C01K>2  H2CONO2 

RCON02  HCO-  +  NO2 

H2C0N02  H2CONO2 

•if 

HCO 

I 

H2CONO2  +  N02  +  CH2O 
HOC-  +  CH2O  +  NO2 

CH20  +  NO2  _ >  HCO*  +  HHO2 

HCO-  +  NO 2 »  HC00-  +  NO 

HCO-  +  N02  - »C0  +  HNO2 

HCOO-  +  N02  _ »C02  +  HN02 

2HN02 _ >  H20  +  NO  +  N02 

The  overall  reaction  can  be  described  as  follows: 

2C3H5  (N03)3  - »H2C0  +  3C0  +  2C02  +  6H0  +  4H20 

The  decomposition  products  are  listed  In  Table  14. 

Aside  from  the  decomposition  products,  other  materials  catalyze 
the  reaction  Including  H2SO4  and  HNO3  (Andreyev,  1958;  Glazkora,  1955; 
Gorbunov,  1963).  Water  will  catalyze  the  reaction  by  forming  nitric  acid 
with  gaseous  N0X  (Gorbunov,  1963).  Diphenylamlne  will  Inhibit  the  re¬ 
action  by  combining  with  nitric  acid  tc  prevent  the  catalytic  action  of 
the  acid  (Glazkova,  1955).  Soda  and  chalk  will  slmllarlly  Inhibit  the 
reaction  (Andreyev  1969). 

Several  Arrhenius  expressions  have  been  reported  (Svetlov,  1963; 
Dahn  1980;  Urbanski,  1964;  Serblnov,  1959;  Waring,  1970).  The  expressions 
given  in  Waring's  work  (1970)  for  the  vapor  and  liquid  phase  decomposition 
of  NG  will  be  used  for  kinetic  calculations  because  they  yield  conserva¬ 
tive  values  of  k  when  compared  to  the  other  equations.  The  expressions 
are  as  follows: 

Liquid  NG 

k  (sec-1)  -  1.6x102°  exp  (-46,900/RT) 


Vapor  NG 

h  (sec'l)  -  3.2x1015  enp  (-36,000/RT) 


/ft 
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NG  begins  to  decompose  at  olid  temperatures  (about  SO  C) 
(Urbanskl,  1964).  The  decomposition  rate  Increases  to  the  boiling  point 
(145  C)  where  the  rate  is  rapid. 

The  decomposition  reaction  ha3  been  reported  to  be  autocatalytlc 
(Andreyev,  1958;  Gorbunov,  1963;  Krastins,  1957)  and  to  follow  first  order 
kinetics  (Andreyev,  1958;  Waring,  1970).  In  the  plot  of  the  time  required 
for  99  percent  decomposition  of  NG  versus  temperature  (See  Section  7.1.3) 
a  first  order  kinetic  expression  was  used. 

The  state-of-the-art  for  thermal  decomposition  of  KG  is  well 
developed.  However,  work  should  be  performed  to  determine  appropriate 
reaction  inhibitors  to  prevent  the  occurence  of  an  explosi'n  as  a  result 
of  over-heating. 

7. 1.2. 8  Nitroguanidlne 

The  mechanism  for  the  thermal  decomposition  of  nitroguanidlne 
(NQ)  is  unknown  although  the  two  crystalline  modifications  of  NO  (“  and  6) 
decompose  slmllarlly  (Pasman,  1973). 

Volatile  products  of  the  thermal  decomposition  of  NQ  include  NO^ 
compounds  (Pasman,  1973)  and  water  (Popolato,  1979).  A  solid  decomposi¬ 
tion  product,  identified  by  Popolato  (1979),  has  the  formula 

indicating  incomplete  decomposition  occurs  when  NQ 
is  heated  in  an  inert  atmosphere. 

NQ2,  a  decomposition  product,  hss  been  reported  to  catalyze 
the  reaction  (Pasman,  1973).  Other  catalysts  or  inhibitors  are  unknown. 

Bailey  (1974)  and  Popolato  (1979)  reported  the  following  rate 
constant  expression: 

k  (sec'l)  -  2.84xl07  exp  (-21 ,000/RT) 

Several  references  have  reported  the  kinetics  of  NQ  thermal  de¬ 
composition  (Pasman,  1973;  Popolato,  1979;  Bailey,  1974).  Pasman  (1973) 
indicated  that  in  open  reaction  vessels,  thermal  decomposition  Increases 
near  the  melting  point  (232  C)  where  liquid  NQ  rapidly  decomposes. 


Differential  thermal  analysis  of  NQ  reveals  an  exotherm  at  250  C 
which  may  indicate  decomposition  (Satrlana,  1968). 

In  the  plot  of  the  time  required  for  99  percent  decomposition  of 
HO  versus  temperature  plot,  (given  In  Section  7.1.3)  a  first  order  rate 
expression  was  assumed. 

Little  information  is  available  on  the  thermal  decomposition  of 
NQ. 

7. 1.2.9  Ammonium  Nitrate 

The  mechanism  of  decomposition  of  ammonium  nitrate  (AN)  has  been 
reported  by  Smith  (1957),  Koper  (1970)  and  Felck  (1954).  The  Initial  re¬ 
action  Is  the  highly  endothermic  step: 

NH4NO3  e— *  HNO3  +  NH3 

Following  this  primary  step,  two  distinct  mechanisms  have  been  suggested. 
The  first  Is  formation  of  NjO  and  H2O  from  an  exothermic  reaction 
Involving  NH3  and  catalyzed  by  HNO3  (Smith,  1957;  Koper,  1970;  Felck, 
1954).  The  second  suggested  mechanism  Is  as  follows  (Rozman,  1960;  Koper, 
1970): 

2HN03 - »  2N02  +  H20  +  1/2  02 

NH3  +  2N02  — *  N2  +  H20  +  HNO3 
These  reactions  predominate  at  higher  temperature  (  200  C) 

The  thermal  decomposition  products  of  AN  are  given  in  Table  15. 
The  thermal  decomposition  of  AN  is  reported  to  be  autocatalytlc  with 
nitric  acid  being  an  Intermediate  product  that  behaves  as  an  add  catalyst 
(Sivolodskll,  1958;  Bozadzhlyev,  1975;  Smith,  1957).  Other  compounds  have 
been  reported  to  enhance  the  thermal  decomposition  reaction  including 
chloride  ion  or  chlorine  gas  (Koper,  1970),  polyphosphorlc  acid 
(Bozadzhlyev,  1975),  graphite,  Al203  or  stainless  steel  (Flora,  1971). 

The  addition  (or  presence)  of  one  or  more  of  these  catalysts  causes 
initiation  of  decomposition  at  a  much  lower  temperature  (100  C)  than  neat 
AN  (Bozadzhlyev,  1975;  Flora,  1971). 


Feick,  1954 
Slvolodskil,  1958 
Krien,  1965 


Cook  (1956)  reported  an  Arrhenius  expression  for  the  rate  con¬ 
stant  as  follows: 

k  (sec-1)  .  U9X1012  exp  (-38,300/RT) 

Smith  (1957)  corrected  this  equation  taking  Into  account  the  equilibrium 
vapor  pressure  of  AN  to  eliminate  the  effect  on  the-  equation  of  loss  of  AN 
from  the  test  chamber  by  evaporation.  The  corrected  equation  is  as 
follows: 

k  (sec"1)  -  4. 9x1 0^  exp  (-51,000/RT) 

As  with  most  explosives.,  the-  initiation  of  rapid,  decomposition 
of  AN  begins  at  Its  melting  point  tclroi  C)  (Kayser,  1974).  The  kinetics  of 
the  thermal  decomposition  of  AN,  above  aad  below  the  melting  point  have 
been  reported  by  a  number  of  Investigator*  (e.g.  Bespalov,  1968;  Cawthon, 
1955;  Cook,  1956)  with  a  cunsensus  that  the- reaction  follows- first  order 
kinetics  (Bespalov,  1968;  Cook,  1956;  Smith,  1957).  A  plot  of  the  time 
for  99  percent  thermal  decomposition  of  A Si  versus  temperature,  given  In 
Section  7.1.3,  assume*  a  first  order  .kinetic  expression.  The- state-of — 
the-art  for  thermal  dacompoe±ria«ttn£AIM*-qulte  well  developed.  However, 
It  may  be  preferable  to  Investigate  the  use: of:  catalysts- to  decrease  the 
decomposition  temperature  and'/ortl  iii-tui aar  -therreaction  rate  without  caus¬ 
ing  AN  to  initiate. 

7.1.2,10  Lead  Azide 

"The; mechanism  of  thermal  decomposition-  of-  lead-azide  has  been 
investigated,  by  Todd  (1962);  Staamler-  (1960)4- and'Stamaler  (1961).  The 
decomposition  of  leadtazldecappesrs-to.  occnrrin. two  distinct  periods:  1) 
an  induction'  period: in  which  leadcazlde  surface- hydrolysis  products  (lead 
carbonate,  basic  lead,  azide')-  areadecomposed ,  and:  2)  an  acceleration  period 
in-.wttLch-che-  decomposition  is  autocatalyzed'  by  lead!  atoias,'.fomed  at  active 
centers-  during-  the-  initial-  stages  of 'decomposition.  In  the-acceleratlon 
period,,  the  lead  aclde-goes  -through- a-stepwise-  loss- of  nitrogen  (Stammler, 
1960)  such  as  noted  below: 


PbNg  — »PbN3,25  — *PbN2.53  — ^  Etc. 

Other  intermediates  with  the  general  formula  of  PbNm(0H)n  also  form 
during  this  period  (Stammler,  1961). 

The  reported  thermal  decomposition  products  of  lead  azide  are 
listed  in  Table  16.  The  formation  of  these  products  is  dependent  on  the 
atmosphere.  In  an  inert  atmosphere  lead  metal  and  nitrogen  are  formed;  in 
moist  air,  basic  lead  azides  are  formed;  and  in  a  CO2  atmosphere,  lead 
carbonate  forms  (Todd,  1962). 

Water  vapor  has  been  reported  to  catalyze  the  decomposition  re¬ 
action  (Yoffe,  1951;  Reitzner,  1961).  Other  catalysts  are  unknown.  How¬ 
ever,  Jach  (1966)  has  shown  that  pre-irradiating  with  gamma  radiation  en¬ 
hances  the  thermal  decomposition  of  lead  azide. 

The  Arrhenius  expression  was  given  by  Jach  (1966)  as  follows: 
k  (sec-1)  .  1012  exp  (-36,300/RT) 

Because  of  the  two  stage  reaction  (induction  period  followed  by  accelera¬ 
tion  period),  a  complex  kinetic  expression  is  required.  Young  (1954) 
cites  an  expression  which  adequately  fits  the  data: 

(«-c(t)]1/3  -  fc  (t-to) 

where  a  “  fractional  conversion 

a(t)  “  constant  (0.0186  to  0.0156)  for  the 
induction  period  conversion 
k  ■  Arrhenius  rate  constant 
t  ”  time  (min) 

to  •  Induction  period  time  (constant  •  20.8  to 
31.9  min) 

A  plot  of  the  time  versus  temperature  for  lead  azide  thermal  decomposition 
is  given  in  Section  7.1.3. 

The  state-of-the-art  for  thermal  decomposition  of  lead  azide  is 
quite  well  developed. 


Stammler,  1961 


7.1.2.11  Lead  Styphnate  %j 

Lead  styphnate  has  been  reported  to  decompose  In  three  stages 
as  follows  (Flanagan,  1961;  Halles,  1933); 

1)  Slow  rate  period  where  little  or  no  gas  is  produced 
(dehydration) , 

2)  Acceleration  period  (to  50  percent  decomposition), 

3)  First  order  reaction  rate  period. 


The  products  of  thermal  decomposition  of  lead  styphnate  were 
reported  by  Flanagan  (1961)  as  follows: 

Solid  Residue  -  69.12  Pb,  12.22  C,  0.42  H,  6.22  N,  12.12  0 

Gaseous  Residue  «  CO2,  H2O,  N2,  NO 
CO2  and  N2  are  the  primary  decomposition  products. 

Water  vapor  has  been  shown  to  inhibit  the  decomposition  reaction 
(Flanagan,  1961)  while  pre-treating  withy-radiation  enhances  the  reaction 
rate  (Jach,  1966). 

The  Arrhenius  expression  for  the  acceleration  period  was  cal¬ 
culated  in  this  study  from  data  given  by  Halle  (1933).  The  expression  is: 

In  k  (min-1)  -  54.896  -  29.543 

T 

where  T  "  absolute  temperature  (K) 

Several  studies  have  been  performed  to  determine  the  rate  of 
thermal  decomposition  of  lead  styphnate  (Jach,  1966;  Flanagan,  1961; 
Tompkins,  1956,  Hailes,  1933).  Flanagan  (1961)  indicates  that  over  90 
percent  of  the  lead  styphnate  decomposed  after  heating  in  vacuo  at  222.5  C 
for  6  hours.  For  the  plot  of  the  time  for  99  percent  thermal  decomposi¬ 
tion  of  lead  styphnate  versus  temperature,  given  in  Section  7.1.3,  it  was 
assumed  that  the  decomposition  follows  first  order  kinetics  throughout  the 
decomposition  period. 

There  are  only  a  few  reports  on  the  thermal  decomposition  of 
lead  styphnate.  More  studies  are  required  to  detetmine  a  kinetic  equation 
which  describes  the  overall  thermal  decomposition  process. 


7. 1.3.1  Kinetics 

A  summary  of  Che  kinetic  equations  for  the  various  explosives  of 
Interest  Is  given  in  Table  17.  Except  for  NC  and  Lead  Azide,  all  of  the 
explosives  follow  first  order  decomposition  kinetics.  Thus,  specification 
of  a  value  for  C/Co  will  allow  solution  of  the  equations  to  determine  the 
time  required  for  the  specified  conversion  at  a  particular  temperature. 

For  the  sake  of  comparison,  it  will  be  assumed  that  99  percent  ot  the  ex¬ 
plosive  residue  Is  decomposed.  Then  C/C0  -  1-.99/1  »  0.01.  For  NC  which 
follows  second  order  kinetics,  an  initial  concentration  (C0)  must  be 
stipulated.  It  will  be  assumed  that  C0  -  2.31  Is  the  mean  nitrate  ester 
number  for  fresh  NC  (Volltrauer,  1981).  Thus,  for  99 X  conversion,  C  • 
0.0231.  Lead  azide  follows  nth  order  thermal  decomposition  kinetics  as 
well  as  requiring  an  induction  period.  The  following  values  will  be  as¬ 
sumed  for  lead  azide: 

a  -  1-C/C0  -  0.99 

a (t)  «  Conversion  during  Induction  period  »  0.02 
(Young,  1954) 

t0  »  Induction  period  »  25  minutes 

It  is  important  to  note  that  the  actual  conversion  required  will 
be  dependent  upon  the  actual  concentration  of  explosive  residues  In  the 
building  materials  and  the  lower  detection  limit  from  analytical  proced¬ 
ures.  A  conversion  higher  than  99  percent  will  require  a  longer  reaction 
time.  For  explosives  that  follow  first  order  kinetics,  twice  the  time 
will  be  required  for  99.99  percent  decomposition,  three  times  the  time  for 
99.9999  percent  decomposition,  etc.  For  NC,  every  10  fold  increase  in 
conversion  above  99  percent  will  require  a  10  fold  increase  in  reaction 
time.  For  lead  azide,  higher  conversions  than  99  percent  will  only  re¬ 
quire  slightly  more  time  (about  1.1  times  for  every  10  fold  increase  In 
conversion)  because  of  the  strong  catalytic  effects  of  the  reaction. 
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TABLE  17.  EXPLOSIVES  KINETIC  THERMAL  DECOMPOSITION  EQUATIONS 


Explosive 

Kinetic  Equation  " 

RDX 

In  =  -(4.7  x  1018  exp  (-47,800/RT) ]t  ! 

co 

HMX 

In  pr-  »  -(8.9  x  1019  exp  (-53,100/RT) )t  ! 

Lo  1 

>: 

TNT 

In  JT-  -  -(2.5  x  10H  exp  (-34,400/RT)  Jt  • 

l'o  1 

/%N 

*.\ 

2,4  CNT 

In  —  -  -(109  exp  (-33,350/RT))t  ! 

C0  < 

2,6  DNT 

In  rr-  *  -(2  x  10u  exp  (-47,530/RT)  ]t 

Lo 

Tetryl 

In  =  -(2.5  x  1015  exp  (-38,400/RT)lt  i 

NC 

C"[“T“]  "  13  *  1014  eXp  (-37>700/RT>)|:  ; 

r.; 

£ 

NG 

In  ;r-  -  -(3.2  x  1015  exp  (-36,000/RT) )t  i 

Lo 

r 

v 

NQ 

m  ■£-  -  -(284  X  107  exp  (-21,000/RT) ]t  ' 

Lo 

k\ 

AN 

In  —■  -  -(4.9  x  10u  exp  (-37,000/RT)  ]t 

Pb(N3)2 

[«-  *<t)]1/3  =>  (lO72  exp  (-36,300/RT) ] (t-to)*  ! 

u 

r  - 
v, 

!• 

Pb  Styphnate 

in  ^  -  -  [exp  (54,896  -  29  T543)]t* 

*Tlme  in  minutes. 


C  *  Concentration  at  time  t 
C0  *  Initial  concentration 
R  »  1,987  cal/gmmole  °K 
T  »  Absolute  temperature  (°K) 
t  *  Time  (sec)  except  where  noted. 


Plots  of  time  versus  temperature  for  thermal  decomposition  of 
the  explosives  of  Interest  are  given  In  Figures  9-11.  As  shown  In  the 
plots,  relatively  mild  temperatures  and  times  are  required  for  99  percent 
decomposition.  For  a  temperature  of  250  C  most  of  the  explosives  will 
reach  99  percent  decomposition  In  less  than  an  hour.  The  exceptions  are 
NH4NO3  and  Che  two  isomers  of  DNT.  The  kinetic  data  for  decomposition 
of  DNT  is  in  question  because  it  shows  an  unexpected  stability  of  DNT  at 
elevated  temperatures.  Further  studies  are  required  to  confirm  this  data. 

7. 1.3. 2  Toxicity  of  Products 

Table  18  gives  a  summary  of  the  products  from  thermal  decom¬ 
position  of  the  explosives  of  interest.  As  can  be  seen,  most  of  the  pro¬ 
ducts  are  volatile  species  which,  with  adequate  ventilation,  pose  minimal 
hazards  to  personnel.  An  exception  would  be  the  nitroaromatlc  inter¬ 
mediates  formed  when  TNT  is  thermally  decomposed.  Several  species  may 
still  be  hazardous.  Thus,  further  heating  may  be  required  to  decompose 
the  nitroaromatlc  intermediates  to  gaseous  species. 


7. 1,3,3  Explosion  Potential 

A  thermolytic  technique  to  decompose  explosive  residues  must 
consider  that  the  excthermicity  of  the  thermal  decomposition  reaction  may 
lead  to  deflagration  or  explosive  behavior.  Deflagration  may  result  if 
the  rate  of  heat  generated  by  the  exothermic  decomposition  reaction  ex¬ 
ceeds  the  rate  of  heat  dissipated  from  the  explosive  to  the  surroundings. 
A  parameter  used  to  denote  the  temperature  where  the  rates  of  heat  gen¬ 
eration  and  dissipation  are  equal  is  the  critical  temperature  of  the  ex¬ 
plosive.  If  the  critical  temperature  of  an  explosive  is  not  suipassed, 
then  heating  an  explosive  should  (theoretically)  not  result  in  an 
ignition/explosion  reaction.  The  critical  temperature  of  an  explosive  is 


1  Year 


FIGURE  9.  TIME  VERSUS  TEMPERATURE  FOR  TOT,  2, 4-DOT 


FIGURE  10.  TIME  VERSUS  TEMPERATURE  FOR  NG,  NC,  NQ  AND 
NH . NO,  THERMAL  DECOMPOSITION 


not  a  fundamental  property  since  It  Is  a  function  of  not  only  the 
Arrhenius  thermal  decomposition  parameters  of  the  explosive  but  also  the 
physical  nature  of  the  explosive  ( 1 . e .  mass,  shape  and  concentration)  and 
of  the  surroundings  (l.e.  mechanism  of  heat  transfer  to  and  from  the 
explosive). 

In  the  literature  review,  several  references  addressed  the 
tendency  (or  lack  of)  for  neat  explosives  to  deflagrate  and/or  detonate 
when  heated.  A  brlof  summary  of  these  references  follows. 

In  the  case  of  RDX,  a  range  of  critical  temperatures  (199  to  270 
C)  were  cited  In  the  literature.  Kreyenhagen  (1962)  observed  ignition  of 
20  grams  of  military  grade  RDX  after  heating  at  199  C  for  20  minutes. 

This  amount  of  RDX  is  much  less  than  U.S.  Army  (1972)  reported  was  re¬ 
quired  to  produce  an  explosion  at  200  C  (critical  dlameter-5.6  cm).  Also, 
In  several  studies  on  the  thermal  decomposition  of  RDX  near  Its  melting 
point  (204  C),  Batten  showed  that  heating  small  quantities  of  unconflned 
RDX  caused  evolution  of  gases  but  no  indication  of  Ignition.  Other 
authors  reported  RDX  critical  temperatures  between  210  and  225  C 
(Popolato,  1979;  Zlnn,  1962;  Peterson,  1976)  and  yet  higher  critical  tem¬ 
peratures  of  260  to  270  C  (Dahn,  1980;  D.S.  Army,  1971). 

The  critical  temperature  for  HMX  has  been  reported  to  be  in  the 
range  of  218  to  327  C.  Kreyenhagen  (1962)  reported  a  violent  explosion 
occurred  after  heating  20  grams  of  military  grade  HMX  (contains  up  to  10 
percent  RDX  as  an  impurity)  at  218  C  for  80  minutes.  A  moderate  critical 
temperature  was  also  reported  by  Zlnn  (1962)  who  showed  that  HMX  can  ex¬ 
plode  after  heating  at  225  C  for  one  hour.  Other  investigators  reported 
higher  critical  temperatures  such  as  253  C  (Peterson,  1976)  and  327  C 
(Dahn,  1980). 

A  wide  range  of  ignition  and  explosion  temperatures  for  pure  TNT 
have  been  reported  in  the  literature  (200  to  427  C).  Kaye  (1980)  reported 
that  autoignition  of  TNT  can  occur  after  heating  at  200  C  for  38  hours. 
Based  on  other  reports,  this  appears  to  be  too  low  of  a  critical  temper¬ 
ature  for  TNT.  For  example,  Kreyenhagen  (1962)  and  Roginskii  (19b4) 


showed  that  TNT  does  not  Initiate  when  heated  at  230-240  C>  Further, 
Kreyenhagen  (1962)  showed  that  a  20  gran  sample  of  military  grade  TNT 
begirt^  to  soak*  rather  than  ignite  when  heated  at  260  0.  H&at  other  In¬ 
vestigators  reported  a  critical  temperature  of  TNT  between  260  and  290  C 
(Popolato,  1979;  feterson,  1976;  Urbanslcl,  1964  and  Zinn,  1962). 

It  has  been  reported  that  DNT  will  explode  when  maintained  at  a 
temperature  above  150  C  for  2  weeks  (Small,  1973).  U.S.  Army  (1971)  in¬ 
dicated  that  2,4  DNT  will  rapidly  decompose  (npt  explode)  after  heating  at 
310  C  for  5  seconds. 

Critical  temperatures  for  tetryl  have  been  reported  in  the  range 
of  140  to  303  0+  fferzhanov,,  (1981)  calculated  a  critical  temperature  for 
tetryl  of  140  to  155  C  and  showed  that  50  percent  of  the  tetryl  would  be 
decomposed  before  an  explosion'  these  temperatures  are  reached.  Zinn 
(1962)  reported  an  experimental  critical  temperature  of  200  C.  Other  in¬ 
vestigators  reported  higher  ignition/ explosion  temperatures  such  as  236  C 
(Urbanski,  *964-)  ana  257  C  (U.S.  Army,  1971).  In  contrast  to- these  re¬ 
ports,  Henkin  (.1952)  reported  that  tetryl  did  not  explode  after  heating  to 
a  temperature?- below  264-  C. 

At  moderate  temperatures  (less  than  200  C),  NC  decomposes  with¬ 
out  ignition  or  explosion  (Wolfram,  1956).  Henkin  (1952)  reported  char :HC 
of  either  12.6  percent  N  or  I3.4  percear  fi-  content  did:  not  explode  when 
heated  to  below  ,120  C,  however,  both -types  of  NC  exploded  when  heated  to 
about  180  ,C.  This  cr±tlcscl.  temperature-  gene-rally  agrees  with  results  re¬ 
ported  by  U.S.  Army  (197*0  arnr'Dahn  (-1980). 

It  ha*  been -reported.'  (Robertson,  1909)  chat  unconflned  NC-uJtli 
not  explode  when-  heated  ar 9d*C.  If,  however,  the  decomposition  products' 
are  alilowed  to  accumulate, -the -reaction  quickly  accelerates-  until  the 
flash*  point  is  reached  (Andreyev,  1963).  Keating,  ar  higher  temperatures- 
(215-220  C)  will  cause  initiation -nf  any  NO  present  (Xayser,  197.4-  Henkin, 
1952;.  Uahn,  i980). 

US.  -.Xrrxy-  (1971')  reportedi-chat  NO  decomposes -rather  than  ignites 
or  espl,mdmr-gr-ai-raimpesatiire-  of  2J5  Z-  In.  contrast,  Peterson  ( 197*)  re- 


portw  a  -auA  litter  critical  temperature  of  between  200  end  204- & 

nitrate  has  been  reported  to  explode  at  a  temperature 
as  low  as  223  C  £2£ an,  1962).  However,  Kayser  (1974)  and  laye  C1S80)  re¬ 
ported  Shat  aoconfiaed  ammonium  nitrate  does  not  explode  when  heated  to 
300  C. 

The  critical  temperature  for  lead,  styphnace  has  been  reported  as 
200  C  by  Benkin  (19523  aod  as  267  C  by  U.S.  Artsy  (1971).  leach aride  has 
been  reported  to  explode  at  temperatures- above  282  C  (Scammler,  I960)  or 
at  320  tU  340  C  (Waring,  1970;  Henkin,  1952).  .Below  250  C,  leadiazide- 
decoapddtts  without  undergoing  an  explosion  (iSeammler,  I960). 

Thus,  the  literature  Indicates rthar  aoet  of  the-  explosives  of 
interest  have  critical  temperatures  In  -rot  tenge  of  200  -tsr  BOO  C.  For 
faculty  decontamination  applications.,,  moderate-  heat  up  rates  coupled;  with 
relatively  low  temperature  treatments  jioulr  -rlnlfilne  the  potential  fort  an 
explosion  by  allowing  the  explosive  to  de compare  slowly.  Slow  decomposi¬ 
tion  would  allow  the  generated  heat  to  be;  dissipated  from 'the  explosive- 
thereby  maintaining  a  temperature  below-tbe  critical  temperature.  It  is 
also  important  to  note  that  the  critical  cemoeraturesPaentlosed  previously 
■*i  Sor  meat  explosives.  Two  investigations;  on  the- thermal  ^stability  of 
explaafres  mixed  with  other  materials  showed  Chet  reducing  tier  concentra¬ 
tion  of  the  explosive  also  reduced  Its  tendency' to  ignl  t-e/explcde-  when 
heated.  Knight  ( 1978)  reported  that  wood  containing  up  to  2  weight  per¬ 
cent  tST  did  neither  detonate  nor  explode  when  pyrolyrcd  at  650  C. 
girsheabaum  (1982)  determined  that  there  la  no  thermal  hazard  when  heating 
materials  containing  less  than  5  percent  TNT  and/or' RDX.  These  studies 
appear  to  indicate  that  materials  containing  a  low  concentration  of  ex¬ 
plosive  have  sufficient  heat  capacity  to  absorb  heat  generated  by  the  de¬ 
composition  reaction,  thereby,  preventing  the  explosive  fro®  reaching  its 
critical  temperature  before  a  majority  of  the  explosive  has  decomposed. 

When  decontaminating  facilities,  high  local  concentrations  of 
explosives  may  be  present  (i.e.  pockets)  which  may  cause  a  rrold  increase 
in  the  localized  temperature  as  a  result  of  the  exotheraicity  of  the  re- 
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action.  In  this  case,  a  chemical  may  be  applied  prior  to  heating  which 
would  retard  the  reaction.  An  example  would  be  the  use  of  radical  traps 
to  intercept  propagating  radicals  produced  by  the  decomposition  reaction.* 
Larkin,  (1972)  described  the  trapping  of  radical  intermediates  formed  by 
the  thermolysis  of  mononitrate  esters.  The  initially  formed  oxygen  rad¬ 
ical  was  found  to  undergo  an  intramolecular  gamma  hydrogen  abstraction  to 
produce  carbon  radicals  which  were  intercepted  by  bromotrichloromethane 
and  aromatic  thiols.  The  oxygen  radicals  formed  during  thermolysis  of 
nitrate  ester  explosives  (e.g.  NG)  may  also  be  trapped  by  appropriate 
hydrogen  donors  thereby  allowing  thermolysis  without  explosion.  Further 
work  is  required  to  identify  radical  traps  for  other  explosives. 

7. 1.3.4  Volatility 

As  the  temperature  increases,  the  vapor  press*/ ire  of  the  ex¬ 
plosives  will  Increase.  To  achieve  the  desired  destruction  efficiency,  it 
is  important  that  the  vapor  pressure  of  the  explosives  be  relatively  low 
at  the  working  temperature  to  prevent  migration  of  undecomposed  explosives 
from  the  heated  building  material.  As  can  be  seen  in  Table  19,  the  ex¬ 
plosives  have  quite  low  vapor  pressures  at  elevated  temperatures.  Thus, 
volatilization  of  undecomposed  explosives  is  not  anticipated  to  have 
major  effect  on  the  ultimate  destruction  efficiency. 


7. 1.3.5  Knowledge  Gaps 

The  following  knowledge  gaps  concerning  therm,-  decomposition 
explosives  need  to  be  addressed: 


*  See  Appendix  III  for  a  complete  description  of  radice  traps 


•  Behavior  of  explosives  when  heated  under  real  world 
conditions  (including  explosivity  and  end-product 
determination) 

•  Reaction  kinetics  under  real  world  conditions 

7. 1,3. 6  Conclusions 

Results  of  the  literature  review  on  the  thermal  decomposition  of 
explosives  indicate  that  mild  temperatures  for  relatively  short  periods  of 
time  ere  required  to  decompose  the  explosives  of  interest  to  primarily 
gaseous  .and  volatile  species. 

7.1.4  Thermal- Decomposition  Concepts 

Tfiep-fsH lowing  are  short  descriptions  of  the  thermal  decomposi¬ 
tion  .concepts  proposed- by  the  project  team.  Detailed  descriptions  are 
given  iff  the  Appendix  III. 

7.1.4, l  ;gI'ashMast 

Therflashblast  device  conslsts.of  a  high  intensity  Xenon- 
quarto  strobe  fightr-which  can  be- focused  onto  a  contaminated  surface.  Th< 
high  energy  light  pulse-  produces  etunitfr  neat -to- remove;  paint  and  rust  and 
to  thermmliy  decompose^surface-  contasrlnants-  ("Johnson,  1982 ) . 


i4dr.«utages 

o  gsint  Teoaunl  psinr  to  -treatment  is  not  necessary, 
o  Le»»  dean-mp  is  sequlned- as-tcompared  with  abrasive 
removal-  tecadipu**- 
Pi  sadxasrapes 

o  Effective--  as  .g-.-surtaoe  treatment: -ontyi- 
o  Not  eactCy  adaa aisles®  intricate-  surface  areas. 


See  Section  7.5  for  a  discussion  of  the  specific  applicability  of  this 
concept. 


7. 1.4. 2  Contact  Heating 

Heat,  generated  through  electrical  resistance  coils  (heating 
plates,  tapes,  etc.)  applied  to  the  building  surface,  would  penetrate  to 
the  interior  of  the  building  material.  By  adjusting  the  temperature,  the 
thermal  decomposition  of  any  contaminant  present  may  be  achieved,  within 
the  constraints  of  the  building  materials' s  thermal  durability.  See  Ap¬ 
pendix  I  for  a  detailed  discussion  of  this  consideration. 

Advantages 

o  This  approach  may  be  more  suitable  to  subsurface  treatment 
than  other  thermal  methods  because  of  the  possibility  for 
greater  temperature  control  and  less  extreme  temperature 
gradients. 

o  The  capabilities  of  using  heat  in  conjunction  with 

vacuum  removal  of  outgassed  products  is  also  an  advantage 
(see  Appendix  III). 

Disadvantages 

o  Not  easily  adaptable  to  intricate  surface  areas. 

o  Building  materials  may  suffer  damage  from  thermal  effects. 

o  Temperature  gradient  may  promote  movement  of  explosives 
deeper  into  the  building  material  by  thermal  diffusion. 

7. 1.4. 3  Hot  Plasmas  • 


This  method  is  based  on  the  use  of  a  hot  plasma  (2500-20, 000K) 
to  thermally  and/or  chemically  decompose  contaminants.  Thermal  decompos¬ 
ition  would  result  by  heat  transfer  from  the  hot  plasma  to  the  contam¬ 
inant.  Chemical  decomposition  may  result  by  reaction  of  ionized  gases  and 


electrons  contained  in  the  plasma  with  contaminants.  The  mode  of  ap¬ 
plication  could  take  the  form  of  a  plasma  torch,  which  would  resemble 
conventional  flaming  techniques. 


Advantages 

o  Complete  and  rapid  destruction  of  contaminants. 

Disadvantages 

o  Potentially  high  utility  cost. 

o  High  temperature  is  likely  to  cause  extensive  damage  to 
building  materials. 

o  May  detonate  pockets  of  explosive  residues. 

7. 1.4.4  Microwave  Heating 

Microwave  heating  would  employ  the  use  of  microwaves  to  heat 
dielectric  building  materials  (concrete,  brick,  wood,  transite,  etc.)  to 
the  decomposition  temperature  of  the  explosive  contaminants. 

Advantages 

o  Microwaves  will  penetrate  concrete,  wood  and  brick  and  cause 
heating  throughout  the  materials,  i.e.  heat  conduction  plays 
only  a  minor  role  in  heat  transfer. 

o  Rapid  heat-up  rates  can  be  obtained.  One  report  (O'Kress, 
1975)  stated  that  concrete  became  molten  after  15  minutes 
of  irradiation  with  microwaves. 

Disadvantages 

o  Sheet  metal  or  closely  spaced  metal  pipes  will  reflect  the 
radiation  without  being  heated. 

o  Building  materials  may  be  damaged  by  thermal  effects. 


Flaming  entails  the  use  of  a  flame  to  thermally  decontaminate 
building  materials  containing  explosives  in  situ*  Flaming  is  currently 
the  state-of-the-art  technique  for  Installation  restoration.  Either  hand 
held  or  remotely  operated  flamers  may  be  employed  as  was  done  at  Frankford 
Arsenal  (Lillie,  1981). 

Advantages 

o  Complete  and  rapid  destruction  of  all  explosive  residues 
contacted  by  the  flame. 

Disadvantages 

o  Primarily  a  surface  decontamination  technique  (see  Section 
7. 1.6.3.). 

o  Interior  decontamination  of  building  materials  may  be 

achieved  but  extensive  damage  to  the  material  would  probably 
result.  (See  Appendix  I) 

o  Potential  for  high  fuel  cost. 

o  May  detonate  pockets  of  explosive  residues. 

7. 1.4.6  Hot  Cases 

The  hot  gases  concept  employs  the  use  of  heated  gases  such  as 
burner  exhaust  gases  to  thermally  decompose  explosive  residues.  The 
circulation  of  hot  gases  in  a  building  may  allow  the  building  to  behave 
like  an  oven  thereby  allowing  the  heat  to  conduct  throughout  the  building 
materials.  Effluent  gases  from  the  building  treated  may  be  collected  in 
an  adsorber  to  remove  N0X  and  other  explosive  thermal  decomposition  pro¬ 
ducts.  The  system  can  be  operated  until  the  desired  time  at  temperature 
is  attained  to  ensure  explosive  decomposition.  Hot  gases  have  been  shown 
to  be  effective  in  decontamination  of  military  vehicles  exposed  to  chemical 
warfare  agents  (Stanford,  1981;  Harstad,  1982;  Magin,  1979). 


Advantages 

o  Low  cost  burner  exhaust  gases  nay  be  employed  to  supply  the 
heat. 

o  Inert  atmosphere  would  minimize  the  fire  risk, 
o  Low  labor  cost. 

o  Workers  not  directly  Involved  in  decontamination, 
o  All  Interior  areas  of  a  building  (including  intricate  sur¬ 
faces)  will  be  simultaneously  heated. 

Disadvantages 

o  Potential  for  a  long  decontamination  time, 
o  Building  materials  may  be  damaged 

7. 1.4. 7  Solvent  Soak/Controlled  Burning 

This  method  consists  of  soaking  a  contaminated  porous  material 
with  a  flammable  solvent  followed  by  controlled  combustion  of  the  soaked 
area.  Prior  to  ignition,  the  solvent  would  be  allowed  to  dissolve  sub¬ 
surface  contaminants.  After  ignition,  the  contaminated  solvent  would 
diffuse  to  the  surface  to  feed  the  flame  and  would,  by  combusition, 
thermally  decompose  dissolved  contaminants. 


Advantages 

o  The  method  combines  solvent  extraction  with  thermal 
decomposition. 

o  Potentially  applicable  to  both  surface  and  subsurface 
contamination. 

Disadvantages 

o  The  solvent  diffusion  may  be  too  slow  to  maintain  surface 
combustion. 

o  Open  fire  could  cause  damage  to  surrounding  areas. 

o  It  may  be  difficult  to  control  combustion  which  may  result  in 
personnel  hazards. 

o  May  detonate  pockets  of  explosive  residues. 
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7. 1.4.8  Infrared  (IR)  Heating 

Radiant  heating  employs  the  use  of  fuel  or  electrically  powered 
radiant  heaters  to  heat  building  materials  to  the  decomposition  temper¬ 
ature  of  the  explosive.  Commercial  radiant  heaters  may  be  employed. 
Simultaneous  heating  of  external  and  Internal  surfaces  may  provide 
more  rapid  heat-up  rates  than  other  thermal  methods. 

Advantages. 

o  Efficient  process  (at  least  673!  of  energy  supplied  to  heater 
is  converted  to  Infrared  radiation)  (Sumer,  1965). 
o  No  contact  between  heater  and  wall  is  needed.  Not  necessary 
to  heat  air  in  room. 

Disadvantages. 

o  Heating  complex  surface  areas  in  a  building  would  be 
difficult  because  of  configurations  of  radiant  heaters, 
o  Building  materials  may  be  damaged  by  thermal  stresses. 

7. 1.4.9  CO  Laser 


This  method  would  utilize  a  CO2  laser  to  direct  an  Infrared 
laser  light  beam  onto  a  contaminated  building  surface.  Surface  contam¬ 
inants  would  be  thermally  decomposed  directly;  subsurface  contaminants 
could  be  thermally  decomposed  by  heat  conduction  from  the  Irradiated 
surface. 


Advantages . 

0  The  laser  could  be  centrally  located  in  a  room  and  operated 
by  computer  control. 

Disadvantages. 

0  United  to  line-of-sight  locations. 
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o  A  highly  complex  beam  guidance  system  would  be  necessary, 
o  Building  materials  may  suffer  damage  from  thermal  effects, 
o  High  capital  and  operating  costs. 

o  Decontamination  rate  may  be  substantially  restricted  by  small 
laser  beam  diameter. 


7.1.4.10  Burn  to  Ground 

This  method  Involves  complete  burning  of  a  contaminated 
building.  As  Che  combustible  material  In  a  building  burns,  all  contam¬ 
inants  would  be  thermally  decomposed.  The  method  has  been  employed  for 
decontamination  of  buildings  at  Frankford  Arsenal  (Lillie,  1981)  and 
Joliet  Army  Ammunition  Plant  (Lead  Aside  Line)*. 

Advantages 

o  May  be  cost  effective  for  1940's  vintage  wood  structures. 

Disadvantages 

o  Building  is  destroyed 

o  Not  applicable  to  structures  composed  of  non-combustible 
materials. 

o  Air  pollution 

o  Danger  of  fire  spreading  to  adjacent  structures. 

7.1.5  Concept  Evaluation 


A  summary  of  the  evaluation  scores  for  each  of  the  thermal  con¬ 
cepts  given  In  Table  20.  To  reduce  the  number  of  concepts  for  the  eng¬ 
ineering  analysis,  a  screening  method  to  eliminate  the  least  advantageous 
concepts  was  devised.  The  three  step  method  Is  as  follows: 


*  Information  obtained  from  Site  Surveys. 
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1)  Any  concept  whose  total  score  is  less  than  zero  i3  elimi 
nated  because  it  has  more  disadvantages  than  advantages. 

This  eliminates  the  Hot  Plasma  concept. 

2)  Any  concept  which  scored  a  double  minus  ( — )  for  any  of  the 
following  criteria  is  eliminated:  Safety,  Penetration  Depth 
or  Applicability  To  Complex  Surfaces.  These  concepts  are 
eliminated  because  either  the  method  may  be  hazardous  to 
personnel,  the  method  decontaminates  surfaces  only  (little 
or  no  potential  for  sub-surface  decontamination),  or  the 
method  has  limited  application.  Thus,  Flashblast,  Solvent 
Soak /Con trolled  Burning,  CO2  Laser  and  Burn  to  Ground 
concepts  are  eliminated. 

3)  Those  concepts  whose  total  score  for  capital  and  operating 
costs  is  less  than  zero  are  also  eliminated.  A  negative 
number  implies  excessive  cost  for  decontamination.  Waste 
treatment  costs  are  neglected  because  they  will  probably  be 
a  fraction  of  either  capital  or  operating  costs.  Thus,  the 
Microwave  and  Contact  Heating  concepts  are  eliminated. 

Hot  Gases,  IR  Heating  and  Flaming  are  the  concepts  that  remain 
for  the  engineering  analysis. 

7.1.6  Thermal  Decomposition  Concepts  -  Engineering  Feasibilit 


In  order  to  determine  the  power  and  equipment  requirements  and 
the  feasibility  of  the  more  promising  thermal  concepts,  an  engineering 
analysis  was  performed  using  the  hypothetical  explosive  facility  described 
in  section  6.3  to  determine  the  overall  heat  duty  and  operating  time  re¬ 
quired.  Once  this  analysis  was  completed,  an  economic  analysis  was 
performed. 
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7. 1.6*1  Engineering  Feasibility  of  Hot  Cases  Concept 

In  order  Co  calculate  the  heat  duty  and  heating  time  to  decon¬ 
taminate  the  buildings  specified  in  Section  6.3  with  hot  gases,  several 
additional  assumptions  will  be  made  including: 

o  Hot  gas  is  available  to  maintain  the  inside  of  the  building 
at  a  temperature  of  400  C  (752  F). 
o  Each  building  is  Insulated  with  4  Inches  of  insulation  with 
thermal  conductivity,  k,  equal  to  0.05  BTU/hr  ft  OF. 
o  50  percent  of  the  heat  supplied  to  the  building  is  lost 
through  leakage. 

The  brick  building  will  be  analyzed  in  detail.  Subsequent  calculations 
for  other  buildings  followed  the  same  calculation  methodology,  but  the 
results  will  only  be  summarized  here. 

7. 1.6. 1.1  Brick  Building 

The  heat  required  to  raise  the  temperature  of  the  brick  walls 
and  ceiling  to  steady-state  conditions  is  calculated  as  follows.  The 
temperature  gradient  in  the  brick  is  illustrated  below: 


Brick 


h„ 


INSIDE 

BUILDING 


INSULATION 


AMBIENT 


Tj  -  Inside  atmosphere  temperature  *  752  F 
Tw  »  Inside  wall  temperature 

Tc  -  Temperature  at  Interface  of  brick  and  insulation 

*  Outside  surface  temperature 

*  Ambient  temperature  •  70  F 
bj  ■  Thickness  of  concrete  ■  1  ft 

l«2  “  Thickness  of  Insulation  *  4  inches 

kj  M  Thermal  conductivity  of  concrete  *  12  'jj^Op 

hi  -  Inside  heat  transfer  coefficient  op) 

^2  *  Thermal  conductivity  of  Insulation  ■  0.05  ft  hr^W 
h0  »  Outside  heat  transfer  coefficient  hr^F^ 

Assume  the  hot  gases  are  circulated  in  the  room  at  a  velocity  of  20  MPH 
and  the  outside  wind  velocity  is  10  MPH.  Then  hi  *  7.30  and  ho  -  4.60. 
The  overall  heat  transfer  coefficient  and  heat  flux  can  now  be  calculated 


.  .  . 


V-  .  . 
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770+731 

For  a  wall  midpoint  temperature  of  735  F  (  2  X  the  heat  required  to 

bring  the  walls  and  celling  to  a  steady-state  temperature  Is: 

^wall .celling  “  mCpAT 

-  1  ft  thick  x  (60x30  +  2x30x25  +  2x60x25)  ft2 
x  0.19  BTU/lb  F  x  120  lb/ ft 3  x  (735-70  F) 

-  95.5  x  106  BTU 

The  heat  required  to  bring  the  floor  to  steady-state  temperature 
Is  calculated  as  follows.  The  temperature  gradient  In  the  concrete  Is 
Illustrated  below: 


CONCRETE 


SOIL 


Assume  1  ft  of  sandy  loam  (10  percent  water)  will  serve  as  the  heat  sink 
(k”1.08).  Then: 


JL  +  Ul  +  _L 

7.3  0.7  1.08 


0.401 


BTU 


ft2  hr  F 


q/A  «  DAT  -  0.401  (752-70)  -  274  BTU/ft2  hr 


Solving  for  and  Tc: 
Tw  -  714  F 
Tc  -  323  F 
Midpoint  T  -  519  F 


The  heat  required  for  the  floor  Is: 


Qfloor  -  mCpAT 

-  1  x  (60x30)  x  144  x  0.21  x  (519-70) 

•  24.4  x  10®  BTU 

The  contents  of  the  building  which  must  be  heated  Include  the 
steel  equipment  and  the  atmosphere.  To  heat  the  atmosphere: 


vJW-'V'.V.W-”.'  • 
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Volume  of  air  *  60x30x25  "  45,000  ft3 

Average  density  of  air  -  0.075-K1.033  -  0,054  lb/ft3 

Average  Cp  of  air  »  0.240+0.256  -  0.248  BTU/lb  F 


Qalr  *  mCpAT  -  45,000  x  0.054  x  0.248  x  (752-70) 
Qalr  -  0.4x10®  BTU 


To  heat  the  equipment : 

^equipment  ”  mCpiT 


-  10  tons  x  2000  x  0.113  X  (752-70) 

-  1.5  x  10®  BTU 

The  building  heat  duty  Is  then: 

Qbulldlng  “  Quails  +  Qfloor  +  Qalr  +  Oequlpraent 

-  95.6x106  +  24.4x106  +  0.4x106  +  1.5x106 

«  121.8x10®  BTU 


During  heating  and  maintaining  the  building  at  the  desired  tem¬ 
perature  for  the  prescribed  period  of  time,  heat  will  be  lost  to  the  en¬ 
vironment.  The  heat  loss  Is  calculated  as  follows.  Heat  loss  to  ground 
(conduction  only): 

9ground  -  274  BTU/ft2  hr  x  (60x30)  -  493,000  BTU/hr 
Heat  loss  to  ambient  air: 

9air  *  Eradiation  +  qnatural  convection  + 

Eforced  convection  +  qconduction 
9r  -  0.1713  x  10-8  As(Ts4  -  T J>) 


area  -  2(30x25)  +  2(60x25)  -+  (30x60)  -  6300  ft2 
enisslvity  -  0.85  (estimated) 


91  F  -  551  R 
70F  -  530  R 


9r  -  122,000  BTU/hr  , 


9r  -  A  x  0.548  x  (  0  ]  [T  -Tj 

U  L 


5/4 


■a  ..  J'././x*  mJ 


1*1 
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where  e  -  0.0764  lb/ft3  (air  at  70  F) 
g  -  32.174  ft/sec2 
3  «  1.92x10-3  y-1 
Cp  -  0.240  BTU/lb  F 
a  -  1.21  x  10-5  lb/ft  sec 
k  -  0.0146  BTU/ft  hr  F 
L  -  25  ft  (height  of  building) 

qN  -  5000  BTU/hr 

9p  ■  96  BTU/ft^  hr  x  6300  ft2  -  605,000  BTU/hr 
qc  *  neglect  (ouch  less  than  qg  or  qp) 

qalr  >  122,000  +  5000  +  605,000  -  732,000  BTU/hr 
9heat  loss  “  qground  +  Hair  “  493,000  +  732,000 

1.2  x  106  BTU/hr 

The  tine  required  for  maintaining  a  supply  of  hot  gas  to  the 
building  includes  heat  up  time  and  temperature  maintenance  time.  Heat  up 
time  can  be  calculated  by  unsteady  state  heat  conduction  as  follows.  For 
one  dimensional  heat  conduction  the  following  equation  applies: 


INSUUTI08 


The  above  diagram  illustrates  the  boundary  conditions.  To  simplify  the 
solution,  the  following  definitions  are  made: 

9  -  T-T0 

V  -  V-To 

where  T0  «  Initial  temperature  (70  F) 

Tw  »  wall  temperature  at  time  0  (714  F) 


m 
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■  V  V  .  V  *  v  >  >  v  "  v  v  • 


The  solutian  is: 

8  -  v]£  (-l)nerfc 

n«o 

where  erfc  *  complimentary  error  function 
a  *  thermal  diffusivity  (ft2/hr) 
t  *  time  (hour) 

L  *  thickness  of  slab  (ft) 

At  X"0,  the  above  equation  reduces  to: 

L_  f  (-l)nerfc 

2V  '  n«o  2V^“ 

For  brick,  a  *  0.219  ft 2/hour,  L  ■  1  foot  and  assume  t*16  hours.  Then: 
-2|-  -  erfc  (0.4362)  -  erfc  (1.3086)  +  ... 

9  -  0.5375  -  0.0644  -  0.4731 

W  ,  T-70  . 

1/2  ^73X— 70^  *  0.4731 

T  -  695  F 

The  calculated  wall  temperature  at  steady  state  was  731  F.  Thus,  about  6 
hours  are  required  to  bring  the  building  to  approximately  steady-state 
conditions.  The  time  required  to  maintain  the  temperature  can  be  taken 
from  the  time  versus  temperature  graphs  for  thermal  decomposition  of  ex¬ 
plosives.  After  heating  at  350  C  for  2  hours  all  explosives  of  Interest 
will  be  99.99+  percent  decomposed  (see  Figures  9-11).  The  total  heating 
time  is  then  6  hours  +  2+2  (contingency)  ■  10  hours. 

The  total  amount  of  heat  required  Is  given  as: 

Qtotal  ■  Obulldlng  +  qheat  loss  x  heating  time 
Assuming  heat  loss  during  the  heat-up  stage  Is  one-half  the  steady-state 
heat  loss: 

Qtotal  “  121.8x10®  +  1.2x10®  x  6  +  1.2x106  x  4  - 
130.2x106  BTU 
The  overall  heat  duty  is: 

^overall  »  130.2x10®  BTU  -  13x10®  BTU/hr 
10  hours 


<2a^'L-x  +  v2  (-l)nerfc 
2  Y  ax  n»o  2  Var“ 
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If  combustion  of  kerosene  is  the  source  of  the  hot  gases  then  a 
burner  capable  of  handling  217  gallons/hour  (13x10^  BTU/hr  i  120,000 
BTU/gal  i  0.50  (efficiency)*  is  required.  Since  burners  this  size  are 
commercially  available,  the  use  of  hot  gases  to  decontaminate  a  brick 
building  is  feasible. 

7. 1.6. 1.2  Blast  Concrete  Building 


For  a  building  comprised  of  2  foot  thick  blast  concrete  walls 
and  celling  on  a  1  foot  thick  concrete  pad  similar  calculations  can  be 
performed  as  were  done  for  the  brick  building.  Prior  to  performing  the 
calculation  a  basis  for  the  blast  concrete  structure  must  be  specified. 
The  following  configuration  will  be  assumed: 


•  1  inch  diameter  steel  rebars  spaced  2  Inches  on  center  in 
three  rows  as  shown  above 

•  l*i  »  2  in.;  1.2  “  5-1/2  in.;  D^yj  »  1  in.;  yj»l  in. 

•  ''concrete  *  0.7  BTU/ft  hr  F 

•  ksteel  -  24.8  BTU/ft  hr  F 

Per  linear  foot,  the  thermal  resistance  will  be: 

,  3P  +  2L2 

Xrt  -  6Myi+y2)  6(Vi  +  ksy2)  6kc(yi  +  V 
«  0.48  +  0.02  +  1.31  »  1.81  ft2  hr  F/BTU 


*  50  percent  efficiency  assumes  that  the  hot  gases  utilize  half  of  their 
sensible  heat  to  heat  the  building  with  the  remainder  vented  from  the 
building  with  the  exhaust  gases. 


TO 


The  density  of  the  composite  is: 


488[18^i^^-l  +  144|2-18-^~ 2^-  ] 

- 

The  specific  heat  of  the  coraposlte  is: 

Cp  *  0.15  (wt  fraction  steel)  x  0.113  +  0.85  x  0, 
-  0.195  BTU/lb  F 

The  heat  duty  Is  calculated  as  follows: 


U 

U 


1 


r-  +  IRt 
hi 


hi 

*2 


0.113  BTU/ft2  hr  F 


_L  +  ,  ai  +  hill  + 
73  4  1,81  4OJ  4 


q/A  -  77  BTU/ft2  hr 
Tw  -  741  F 
Tc  •  602  F 
Tg  -  87  F 


Owalls, celling  “  2  ft  thick  x  6300  x  0.195  x  161 
[ (741+602)/2  -  70) 

-  237.9  x  106  BTU 


Qfloor  -  24.4  x  106  BTU 
0air  -  0.4  x  10®  BTU 
Oequlpnent  *  1.5  x  10®  BTU 
^building  -  264.2  x  10®  BTU 

The  heat  loss  Is  calculated  as  follows: 

9ground  *  493.000  BTU/hr 

9alr  *  593,000  BTU/hr 

%eat  loss  *  1.1  x  10®  BTU/hr 

The  theraal  diffuslvity  of  blast  concrete  Is  <*» 

0,035  ft2/hr.  For  L*2  ft  and  assunlng  a  heat  up  time  of  4 

3 

■  erfc__(0. 5455)  -erfc  (1.6366)  +  ... 


=  161  lb 

TV 

21 


1 

4.6 


x 


161x0.195  * 
days: 


Since  the  steady  state  temperature  was  only  602  F,  a  heat  up 
time  of  less  than  4  days  is  required,  say  90  hours.  The  total  time  is  90 
hours  +  2  hours  +  8  hours  (contingency)  »  100  hours.  The  overall  heat 
duty  is! 

Qtotal  “  264.2  x  106  +  1,1  ^  106  *  90  +  1-lxl°6  x  10 
-  324.7  x  10*  BTU 

qoverall  -  324^7x106  ■  3.2x106  BTU/hr 

Thus,  hot  gases  may  be  used  to  decontaminate  a  reinforced  con¬ 
crete  building. 

7. 1.6. 1.3  Wood  Building 

For  a  building  comprised  of  5/8  inch  plywood  and  2x6  inch  wood 
studs  walls  and  celling  on  a  1  foot  thick  concrete  pad  similar  calcula¬ 
tions  can  be  performed  as  were  done  for  the  brick  building.  Prior  to 
performing  the  calculations,  a  basis  for  the  wood  structure  must  be 
specified.  The  following  configuration  will  be  assumed! 


*  ** 
r  *  v*-0* 


2x6  inch  stud 


5/8  inch  plywood  (k 


Per  linear  foot,  the  thermal  resistance  will  be: 


I*T  *  k, 


Myl+y2>  '  >S,yi  +  kA72 


2  x  5/8 
0.8(2+10) 


-.3.46  ft2  *>r  F/8TU 


A* 


For  each  square  foot  of  surface  area,  the  wall  will  contain 
(2x5/8/12)  +  (2/12)x(6/12)  -  0.188  ft3  of  wood  and  (10/12)x(6/12)  -  0.417 
ft3  of  air.  The  heat  duty  Is  calculated  as  follows: 


u“hi  W+g+k 

U  -  0.095  BTU/ft2  hr  F 
q/A  -  65  BTU/ ft 2  hr 
Tw  -  743  F 
Tc  -  518  F 
Ts  -  84  F 


1_  .  ,  ,,  .  4/12 
3+3>46  +  05  + 


1 

4.6 


Qwalls+celllng  -  6300  ft2  x  (0.188x34x0.29  +  0.417x0.075x0.24)  x 
[(743+518)/2  -70) 

-  6.6x106  BTU 
Qfloor  -  24.4x106  BTU 
<W  -  0.4x106  BTU 
^equipment  *  1.5x106  BTU 
Qbullding  -  32.9x106  BTU 
The  heat  loss  is: 

Aground  *  493,000  BTU/hr 
qalr  -  494,000  BTU/hr 
Aheatloss  ™  1.0x10^  BTU/hr 

The  heat-up  time  will  prinarily  depend  on  the  time  required  to 
heat  the  air  between  the  plywood  sheets.  For  air  *  l.ll.  Assune  a  tine 
of  1/2  hour  then: 

7T-  erfc  (0.3356)  -  erfc  (1.0067)  +  erfc  (1.6779) 

T-70 

1  (  743_7Q  1  -  0.6353  -  0/1548  +  0.0179  -  0.4984 
T  -  741  F 

Thus,  less  than  1/2  hour  Is  required  to  reach  steady  state.  The  total 
tine  for  heating  Is: 

0.5  hours  +  2  hours  +  2.5  hours  (contingency)  »  5  hours 
The  overall  heat  duty  is  calculated  as  follows: 

Qtotal  *  32.9x106  +  l.OxlO6  x  0.5  +  l.OxlO*  x  4.5 
-  37.7x106  BTU 

.  37.7x1Q6  -  7.5  x  106  BTU/hr 


^overall 


Thus,  hoc  gases  may  be  used  Co  deconcamlnace  wood  buildings 


If  headng  is  performed  on  one  side  of  Che  building,  Che  cal- 
culacions  made  for  Hoc  Gases  will  approximate  Che  heaC  required  assuming 
ChaC  Che  wall  ceoperacure  is  held  aC  700-750  F.  If,  however,  hearing  is 
performed  simulcaneously  on  bcCh  sides  of  Che  building,  anocher  analysis 
muse  be  performed  as  follows.  Ic  will  be  assumed  Char  Che  hear  duey  re¬ 
quired  Co  bring  each  of  Che  Chree  buildings  Co  a  steady-scace  cemperacure 
is  Che  same  for  IR  hearing  as  for  hoc  gases.  The  hear  loss  to  the  ground 
will  be  the  same  as  given  for  Hot  Gases.  The  heat  loss  to  Che  ambient  air 
is  calculated  as  follows.  Neglecting  natural  convection,  forced  convec¬ 
tion  (assume  the  space  between  the  K  heaters  and  the  wall  is  still  air) 
and  conduction,  the  heat  loss  to  the  air  is  given  as: 

Hair  *  Hradlatlon  ■  0. 1713xl0~8  x  5300  x  e  x 
l  (752-W60)*  -  (704460)4] 

-  22.4  x  10®  e BTU/hr 

For  an  average  emlsslvlty  for  the  building  materials  of  0.9: 

Hair  -  20.2  x  10®  BTU/hr 

Hheat  *<>*a  *  2  sides  x  qalr  4  qgroun<j 

-  2x20.2x10®  +  0.5x10®  -  40.9x10®  BTU/hr 
The  following  boundary  conditions  apply  for  solution  of  the  un¬ 
steady  state  heat  transfer  by  heating  simultaneously  on  both  sides  of  a 
wall  or  celling: 


The  solution  is 


where  Tw  *  Wall  temperature  *  752  F 
T0  -  Initial  temperature  *  70  F 
T  ■  Temperature  at  X  at  time  t 
L  ■  Width  of  building  material 

V  m  OtT 

Fo  (171) 2 

n  *  1,3,5,...* 

For  X  *  ^■(■idpolnt),  a“  0*219  ft2/hr  (brick)  and  a  time  of  0.5 
hours,  the  midpoint  temperature  trill  be  at  744  F.  For  a  heating  time  of 
1/4  hour,  the  midpoint  trill  be  at  735  F.  Thus,  a  time  of  about  1/4  hour 
Is  required  to  near  steady-state  temperatures  In  brick.  For  a  2  ft  trail 
of  blast  concrete  a  heating  time  of  1  hour  is  required  whereas  only  sev¬ 
eral  minutes  are  required  for  the  mood  building. 

Since  the  temperature  is  so  high  throughout  the  building  mate¬ 
rial  (  375  C),  all  explosives  should  be  thermally  decomposed  as  soon  as 
heat-up  Is  accomplished.  Thus,  the  total  heating  time  Is  1/4  hour  for 
brick,  1  hour  for  blast  concrete  and  several  minutes  for  wood. 

The  total  heat  required  is: 

Qtotal  (brick)  -  121.8x10®  +  0.25  hr/2  x  40.9  x  106 
-  126.9x10®  BTO 

Qtotal  (blast  concrete)  «  264.2x10®  +  2  hr/2  x  40.9x10® 

-  305.1x10®  BTU 

^total  (wood)  -  32.9x10®  +  0.1/2  x  40.9x106 
-  34.9x106  BTU 

If  an  entire  building  is  heated  at  one  time,  the  power  require¬ 
ments  may  not  be  able  to  be  attained  since  q  *  126.9x10®  BTU  /  0.25  hr  " 
507xl06  BTU/hr  -  149  megawatts.  Assuming  a  power  capacity  of  10  mega¬ 
watts,  the  building  area  that  can  be  heated  at  one  time  Is: 


10X1000X3412  *  1700  ft2  for  the  brick  building,  or 
126.9x10®  ~ 


'  A 


705  ft2  for  the  blast  concrete  building,  or  6100  ft2  for  the  wood 
building. 

Thus,  infrared  heating  is  feasible  for  building  decontamination 
if  heating  is  performed  in  building  sections  rather  than  as  a  whole. 

7. 1.6. 3  Flaming 

The  feasibility  of  flaming  as  a  sub-surface  decontamination 
method  is  dependent  on  the  dwell  time  of  the  flame  on  the  surface.  A  long 
dwell  time  is  preferred  to  allow  heating  of  the  sub-surface  by  conduction. 
However,  a  long  dwell  time  (minutes)  is  also  detrimental  because  of  mate¬ 
rial  damage  due  to  the  high  thermal  gradient. 

The  dwell  time  of  the  flame  on  a  building  may  be  determined  as 
follows:  For  one-dimensional  heat  conduction  into  a  slab,  the  heat 
transfer  equation  that  must  be  solved  is: 

JT  32T 

I'aiP 

where  T  -  temperature 
t  ■  time 

Y  »  penetration  depth 

a  ■  thermal  dlffusivlty  of  the  building  material 
Applying  the  boundary  conditions  shown  in  the  diagram  below,  a  solution 
can  be  obtained. 


where  Tw  »  constant  wall  temperature  at  Y  *  0  (assume  Tu  »  1500  F) 
T0  •  Initial  slab  temperature  (F) 

T  ■  temperature  at  depth  y  (F) 

Y  «  depth  into  slab  (ft) 
a  “  thermal  diffusivity  (ft2/hr) 
t  -  time  (hours) 
erf  «  error  function 

To  achieve  a  thermal  penetration  of  300  C  at  a  depth  of  two 
Inches,  the  following  flame  dwell  times  are  required: 

Material  Dwell  Time 

Blast  Concrete  16.2  minutes* 

Brick  2.6  minutes 

Wood  ** 

Because  of  the  long  dwell  time  required  for  a  thermal  penetration  of  only 
two  Inches,  flaming  should  be  considered  only  as  a  near  surface  decontam¬ 
ination  concept.  Thus,  as  compared  with  hot  gases  and  IR  heating  which 
have  the  potential  to  heat  all  the  way  through  a  building  material ,  flam¬ 
ing  is  less  advantageous  and  is  eliminated  i  om  further  evaluations. 

*  A  dwell  time  of  144  minutes  is  required  for  a  6  inch  thermal 
penetration  depth. 


Flaming  is  not  recommended  on  wood. 


7.2  ABRASIVE  REMOVAL  OF  EXPLOSIVES 


7.2.1  Introduction 

An  abrasive  concept  Is  one  In  which  some  device  is  used  to  re¬ 
move  surface  layers  of  contaminated  building  materials.  The  surface 
layers  containing  the  contaminants  are  collected  and  then  processed. 
Abrasive  methods  are  particularly  suited  to  decontaminate  buildings  where 
the  depth  of  contaminant  penetration  into  the  building  materials  is  less 
than  1  to  2  inches.  Removal  of  surface  layers  to  a  depth  greater  than  two 
inches  is  possible  with  several  of  the  abrasive  concepts,  however,  the 
building  would  probably  become  structurally  weakened.  An  exception  to 
this  would  be  reinforced  concrete  blast  walls;  the  rebars  would  probably 
have  to  be  removed  if  a  removal  depth  greater  than  1  to  2  Inches  is  de¬ 
sired.  Demolition  of  the  building  can  be  used  to  decontaminate  buildings 
in  which  the  depth  of  contaminant  penetration  is  greater  than  1  to  2 
Inches.  It  is  Important  to  note  that  selection  of  the  optimum  abrasive 
techniques  is  dependent  upon  the  depth  of  contamination. 

Various  abrasive  decontamination  methods  were  identified  during 
this  program.  These  concepts  were  developed  and  then  screened  to  elim¬ 
inate  the  least  advantageous.  The  selected  concepts  were  then  analyzed  in 
engineering  terms  to  determine  their  physical  limitations  and  feasibil¬ 
ities.  Several  hypothetical  structures  derived  from  information  obtained 
in  the  Site  Surveys  were  used  as  the  basis  for  determining  feasibility. 
Finally,  a  cost  analysis  was  performed  on  the  concepts  with  the  greatest 
potential  for  complete  decontamination  of  the  hypothetical  structures. 

7.2.2  Abrasive  Concept  Descriptions 

The  following  are  short  descriptions  of  the  abrasive  concepts. 
Detailed  descriptions  are  given  in  Appendix  III. 


7. 2. 2.1  Electropolishlng 

Electropolishing  is  a  commonly  used  electrochemical  process  that 
has  been  effectively  employed  for  decontamination  purposes.  A  contam¬ 
inated  metal  object  serves  as  the  anode  in  an  electrolytic  cell.  The 
passage  of  electric  current  results  in  the  anodic  dissolution  of  the  sur¬ 
face  material  and,  with  proper  operating  conditions,  a  progressive 
smoothing  of  the  surface.  Contaminants  on  the  surface  or  entrapped  within 
surface  imperfections  are  removed  and  released  into  the  electrolyte  by 
this  surface  dissolution  process.  The  production  of  a  polished  surface 
also  facilitates  the  removal  of  residual  electrolyte  by  rinsing. 

Advantages 

o  Highly  effective  in  removing  contaminants  from  metal 
surfaces. 

Disadvantages 

o  Application  limited  to  metallic  materials, 
o  Metal  surface  must  be  unpainted. 

See  Section  7.5  for  a  discussion  of  the  specific  applicability  of  this 
concept. 

7. 2. 2. 2  Acid  Etch 


I 


Acid  is  applied  to  a  surface  to  promote  corrosion.  Neutraliza¬ 
tion  and  removal  of  the  surface  layer  follows.  The  debris  is  then 
neutralized  and  decontaminated. 

Advantage 


e  May  cause  decomposition  of  the  explosive  at  the  same  time  it 
is  removed  from  the  surface. 


Disadvantages 

o  Removal  of  a  portion  of  the  metal  may  weaken  the  structure, 
o  Hazardous  operation  requires  special  application  equipment, 
o  Primarily  applicable  to  metals  which  will  readily  corrode, 
o  Large  material  requirement. 

7. 2. 2. 3  Scarifier 

The  scarifier  technique  Is  capable  of  removing  approximately  one 
Inch  of  surface  layer  from  concrete  or  similar  materials.  The  scarifier 
tool  consists  of  pneumatically  operated  piston  heads  that  strike  a  surface 
causing  concrete  to  chip  off.  The  piston  heads  consist  of  multi-point 
tungsten  carbide  bits. 

Advantages 

o  Can  achieve  a  deeper  penetration  (removal)  of  surface  as 
compared  with  most  other  surface  removal  techniques, 
o  Suitable  to  both  large  open  areas  and  small  area  application 
due  to  availability  of  hand-held  version. 

Disadvantages 

o  The  treated  surface  retains  a  rough  appearance  that  would 
probably  require  resurfacing. 

o  Substantial  amounts  of  contaminated  debris  generated  which 
requires  further  processing, 
o  Only  effective  as  a  near  surface  removal  technique, 
o  May  detonate  pockets  of  explosive  residue. 

7. 2. 2. 4  Sandblasting 


Sandblasting  Is  an  abrasive  surface  removal  technique  In  which 
an  abrasive  such  as  sand  or  steel  pellets  are  used  to  uniformly  remove 
building  material  layers  containing  the  contaminants. 


y 


Advantages 


o  Sandblasting  is  a  widely  used  surface  removal  technique, 
o  It  can  simultaneously  and  readily  remove  paint  and 
contaminants  in  close  proximity  to  the  surface. 
Disadvantages 

o  Large  amount  of  explosive  laden  dust  and  debris  generated, 
o  Only  effective  as  near  surface  treatment, 
o  Potential  for  detonation  of  pockets  of  explosive. 


7. 2. 2. 5  Demolition 


Mechanical  demolition  Involves  manual  total  destruction  of  a 
building  followed  by  removal  of  debris  to  either  a  landfill  or  for  decon¬ 
tamination. 


Advantages 


o  Demolition  allows  for  decontamination  of  building  materials 
that  have  been  completely  permeated  by  explosives. 
Disadvantages 

o  The  building  is  destroyed. 

o  Huge  quantities  of  debris  must  be  decontaminated, 
o  Airborne  contamination  may  occur, 
o  Potential  risk  of  detonation  of  pockets  of  explosive. 

7. 2.2.6  Drill  and  Spall 

The  drill  and  spall  technique  is  capable  of  removing  approx¬ 
imately  2  Inches  of  surface  layer  from  concrete  or  similar  materials.  The 
technique  consists  of  drilling  holes  (1  to  1-1/2  Inches  diameter)  approx¬ 
imately  3  inches  deep  into  the  surface.  The  spalling  tool  bit  is  Inserted 
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into  the  hole  and  hydraulically  spreads  to  spall  of  the  contaminated 
concrete. 


Advantages 

o  The  technique  can  achieve  deeper  penetration  (removal)  of 
surfaces  as  compared  with  other  surface  removal  techniques. 

o  Good  for  large  scale  application. 

Disadvantages 

o  Only  effective  as  a  surface  treatment  of  concrete. 

o  The  treated  surface  retains  a  very  rough  appearance  that 
would  necessitate  resurfacing. 

o  Substantial  amounts  of  contaminated  debris  require 
processing. 

o  Potential  for  detonation  of  pockets  of  explosives. 

7. 2. 2. 7  Ultrasound 


Ultrasonic  cleaning  Is  a  surface  scrubbing  technique  that  can  be 
employed  to  remove  surface  contaminants.  Small  equipment  would  be  removed 
and  loaded  into  ultrasonic  cleaning  tanks.  Specially  designed  scrubbers 
would  then  be  used  to  clean  the  walls  and  floors.  An  ultrasonic  cleaning 
system  typically  consists  of  an  ultrasonic  generator,  a  transducer,  a 
cleaning  tank,  a  liquid  coupling  agent  solvent  and  a  heater.  The  genera¬ 
tor  converts  line  power  from  60  Hz  to  a  higher  frequency,  l.e.  18  to  90 
KHz.  The  transducer  then  converts  these  high  frequency  Impulses  to  low 
amplitude  mechanical  energy  waves  of  the  same  frequency.  The  warm  liquid 
coupling  agent  (150-170  F)  serves  to  transmit  this  energy  to  the  object  to 
be  cleaned.  The  compression-rarefactlon-coapresslon  wave  cycle  transmit¬ 
ted  by  the  generator  causes  the  liquid  to  cavitate  and  Implode  creating 
minute  quantities  of  energy  with  tremendous  localized  force.  Pressures 
and  temperatures  can  reach  approximately  10*  psi  and  10*  C.  These  Im¬ 
ploding  cavities  serve  to  scrub  the  surface  being  decontaminated  causing 
spalling  and  descaling  (Kirk-Othmer,  1969). 


Advantages 

o  Potentially  applicable  to  all  building  materials, 
o  Paint  removal  is  not  required  prior  to  cleaning, 
o  Localized  high  temperature  may  cause  decomposition  of  some 
explosives. 

Disadvantages 

o  Only  known  to  be  effective  as  a  surface  removal  technique, 
o  The  couplant  may  carry  the  contaminant  deeper  into  porous 
materials. 

o  The  cleaning  liquid  and  removed  surface  must  be 
decontaminated  and  disposed. 

See  Section  7.5  for  a  discussion  of  the  specific  applicability  of  this 
concept . 

7. 2. 2. 8  Cryogenics 

The  surface  of  the  building  material  is  exposed  to  cryogenic 
temperatures  in  order  to  make  it  brittle.  The  surfaces  are  then  chipped 
or  scraped  off  by,  for  example,  pneumatic  haasners. 


Advantages 

o  The  cold  surfaces  are  very  brittle  and  therefore  may  be 
removed  easily. 

o  The  cold  may  desensitize  otherwise  sensitive  explosives. 
Disadvantages 

o  Potential  for  uneven  surface  removal, 
o  Difficult  application  on  hard-to-reach  areas, 
o  High  cost  of  cryogenic  fluid  (large  quantities  required), 
o  Labor  intensive. 


7. 2. 2. 9  Hydroblasting 

A  high  pressure  (500-20,000  psi)  water  jet  impacts  the  surface 
removing  the  contaminated  surface.  Surface  debris  and  water  is  then  col¬ 
lected  and  decontaminated. 

Advantages 

o  Hydroblasting  offers  a  relatively  inexpensive,  non-hazardous 
surface  decontamination  technique  using  off-the-shelf 
equipment . 

o  Hydroblasting  can  very  easily  incorporate  variations  such  as 
hot  or  cold  water,  abrasives,  solvents,  surfactants,  and 
varied  pressures. 

o  Many  manufacturers  produce  a  wide  range  of  hydroblasting 
systems  and  high  pressure  pumps. 

Disadvantages 

o  Hydroblasting  may  not  effectively  remove  contaminants  that 
have  penetrated  the  surface  layer. 

o  Large  amounts  of  water  will  have  to  be  collected  and  treated 

7.2.2.10  Vacu-Blast 

Vacu-blastlng  entails  removal  of  the  surfaces  of  a  building 
through  a  sandblasting  technique  where  all  dust,  debris  and  used  abrasive 
are  vacuum  returned  to  an  over/under  particle  separator  and  the  abrasive 
continuously  recycled. 


Advantages 

o  Vacu-blastlng  is  a  widely  used  surface  removal  technique, 
o  It  can  simultaneously  remove  paint  and  contaminants  from 
surface  layers. 
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o  All  dust,  debris  and  abrasive  are  contained  using  a  vacuum 
system. 

o  The  abrasive  Is  separated  from  the  debris  and  reused. 
Disadvantages 

o  Only  effective  as  a  surface  treatment. 

o  Collected  debris  must  then  be  decontaminated  and  disposed  of. 
o  The  abrasive  force  may  detonate  residues  of  primary 
explosives. 


7.2.3  Concept  Evaluation 

A  summary  of  the  evaluation  scores  for  each  of  the  abrasive 
concepts  is  given  in  Table  2i.  The  following  procedure  was  used  to  screen 
for  the  better  concepts. 

1)  Any  concept  with  a  total  score  of  zero  or  less  is 
eliminated.  Thus,  Cryogenics,  Ultrasound,  Drill 
and  Spall,  and  Electropolishing  are  eliminated. 

2)  Any  concept  which  scores  a  double  minus  ( — )  in  Safety, 
Penetration  Depth,  or  Applicability  To  Complex  Surfaces  is 
eliminated.  Thus,  the  Acid  Etch  and  Demolition  Concepts 
are  eliminated. 

3)  If  the  total  score  for  the  operating  and  capital  costs  is 
less  than  zero,  then  the  concept  is  eliminated.  This  does 
not  eliminate  any  concepts. 


Thus,  the  only  remaining  concepts  after  this  screening  arc 
Hydroblast,  Vacublast,  Sandblast,  and  Scarifier. 
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7.2.4  Engineering  Analysis 


7. 2. 4.1  Hydroblasting 

The  hydroblaster,  also  called  “hydrolaser",  has  been  success¬ 
fully  used  to  decontaminate  nuclear  facility  equipment  such  as  pump 
internals,  valves,  cavity  walls,  spent  fuel  pool  racks,  reactor  vessel 
walls  and  head,  fuel  handling  equipment,  feedwater  spargers,  floor  drains, 
sumps,  interior  surfaces  of  pipes  and  storage  tanks  (Hanlon,  1980).  A 
hydroblaster  can  generate  a  water  pressure  of  up  to  50,000  psl  allowing 
easy  removal  of  most  surfaces.  For  example,  a  hydrolaser  can  remove  1/8 
tc  1/4  inch  of  concrete  surface  at  the  rate  of  approximately  360  square 
feet  per  hour.  This  technique  is  superior  to  sandblasting  which  removes 
surfaces  at  the  rate  of  approximately  375  square  feet  per  day. 

Hater  from  the  hydrolaser  can  be  sprayed  on  all  surfaces  ex¬ 
pected  to  be  encountered  and  can  effectively  remove  them.  However,  if 
the  depth  of  contamination  is  greater  than  about  1/4  inch  in  porous  mate¬ 
rials,  the  effectiveness  of  complete  decontamination  by  hydroblasting 
would  be  questionable. 

A  key  advantage  to  hydroblasting  over  other  abrasive  methods  is 
that  the  potential  for  explosions  Is  reduced.  This  is  demonstrated  by  the 
use  of  high  pressure  water  (4000  psl)  in  the  Cavljet  process  where  TNT  and 
Composition  B  are  washed  out  of  projectiles  (Conn,  1979). 

Key  disadvantages  to  this  technique  Include  1)  the  generation  of 
a  large  amount  of  contaminated  mist,  2)  formation  of  contaminated  rubble 
and  3)  production  of  a  large  volume  of  water  which  will  require  treatment 
to  decompose  contaminants.  It  may  be  preferable  to  use  a  mixture  of  water 
and  decontaminating  solution  so  any  "loose"  explosive  would  be  decontam¬ 
inated  on  contact.  The  volume  of  water  can  be  substantially  reduced  If  it 
can  be  recycled  following  removal  of  solid  particulates.  Thus,  with  these 
modifications  hydroblasting  is  a  viable  candidate  method  for  facility  de¬ 
contamination. 
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7. 2. 4. 2  Sandblasting 


oap  .blasting*  is  an  extensively  used  technique  for  removal  of 
rust.,  scale,  etc.  In  a  variety  of  applications  Including  shipyards, 

ref  ’t-.i  j,  chemical  plants,  buildings  or  other  complicated  structures  of 
large  square  foot  areas.  (Plaster,  1964).  The  versatility  of  sandblasting 
lies  in  its  ability  for  surface  removal  in  complex  areas.  Since  the  sand 
is  sprayed  onto  the  surfaces,  most  otherwise  inaccessible  areas  can  be 
decontaminated  by  surface  removal.  With  modifications  the  sandblaster  can 
be  adapted  for  use  on  the  inside  of  pipes  and  tanks.  Another  versatility 
to  sandblasting  is  the  wide  range  of  materials  that  can  be  cleaned  in¬ 
cluding  brick,  cement,  metals**,  concrete  block,  terra  cotta  and,  pos¬ 
sibly,  wood.  Sandblasting  translte,  a  major  construction  material  of  many 
explosive  plants,  does  not  appear  feasible  because  of  the  large  quantity 
of  alrborn  asbestos  particles  which  will  undoubtedly  be  generated. 

A  major  drawback  to  sandblasting  is  the  large  quantity  of 
abrasive  required.  Typically  6  tons  of  abrasive  are  required  per  unit  per 
day.  Recycle  of  the  abrasive  is  possible  if  the  abrasive  and  debris  gen¬ 
erated  during  a  days  activities  is  either  screened  (over/under  separator) 
or  passed  through  a  cyclone.  However,  this  would  only  be  feasible  if  the 
contaminated  debris  could  be  completely  separated  from  the  abrasive. 
Otherwise,  there  is  potential  for  uncontaminated  areas  to  become  contam¬ 
inated.  Another  difficulty  encountered  in  recycling  abrasive  is  that  the 
abrasive  can  adsorb  water  which  usually  results  in  clogging  of  the 
abrasive  feeder  (Plaster,  1964). 


*  Other  abrasives  other  than  sand  can  be  used  including  cut  wire, 
pellets,  steel  shot,  steel  grit,  garnet  or  alumina. 


**  0.02  lb/min  of  steel  can  be  removed  while  sandblasting  at  70  psi 
(Plaster,  1964). 
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Overall,  sandblasting  is  a  slow  method  for  surface  removal, 
Godfrey  (1982)  quotes  that  an  area  of  375  squre  feet  per  eight  hour  day 
can  be  sandblasted.  Since  the  apparatus  requires  two  operators  -  one  to 
perform  the  actual  sandblasting  and  the  other  to  control  the  unit  and 
regulate  the  feed,  only  a  total  of  375/2x8  *  23  square  feet  can  be  sand¬ 
blasted  per  manhour. 

A  key  knowledge  gap  which  must  be  addressed  prior  to  the  selec¬ 
tion  of  sandblasting  for  explosive  facility  decontamination  is  whether  or 
not  an  explosion  would  result  when  contaminated  building  materials  are 
sandblasted.  If  an  explosion  can  occur  then  sandblasting  loses  its  util¬ 
ity  since  the  explosive  contaminants  would  require  desensltizatlon  prior 
to  sandblasting. 

A  second  knowledge  gap,  equally  as  important,  is  the  depth  of 
contamination  in  the  building  materials.  If  a  contamination  depth  greater 
than  about  1/4  to  1/2  inch  is  encountered  then  sandblasting  cannot  be  em¬ 
ployed  to  completely  decontaminate  the  building.  If,  however,  the  depth 
of  penetration  is  less  than  about  1/4  inch  then  sandblasting  is  a  viable 
decontamination  method. 

7. 2. 4. 3  Vacu-blastlng 

Vacu-blastlng  is  essentially  a  modification  of  sandblasting 
where  the  abrasive  is  continuously  collected  and  recycled  (see  Figure  12). 

The  major  advantages  to  vacu-blastlng  over  sandblasting  is  the  reduction 
in  the  quantity  of  abrasive  required*  and  the  reduction  in  airborne  par¬ 
ticulates  and  debris.  Thus,  in  addition  to  the  materials  mentioned  for 
sandblasting,  transite  may  be  vacu-blasted  because  most  of  the  asbestos 
fibers  would  be  continuously  vacuum  collected. 
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The  major  disadvantage  to  vacu-blastlng  Is  that  the  method  Is 
primarily  applicable  to  open,  obstruction-free  areas.  However,  several 
different  nozzle  designs  are  available  which  allow  cleaning  of  building 
comers,  and  the  external  surfaces  of  pipes.  The  Internal  surfaces  of 
pipes  can  be  vacu-blasted  by  connecting  one  end  to  the  pressurized  abra¬ 
sive  hose  and  the  other  to  the  vacuum  return  hose  (Plaster,  1964).  The 
key  difficulties  In  vacu-blastlng  would  arise  In  cleaning  of  the  inside  of 
tanks,  sumps,  behind  pipes,  etc.  Thus,  the  versatility  of  vacu-blastlng 
is  substantially  reduced  as  compared  with  sandblasting.  Another  disad¬ 
vantage  to  vacu-blastlng  Is  that  since  the  abrasive  Is  not  sprayed  on,  as 
Is  the  case  In  sandblasting,  more  time  would  be  required  to  cover  the  same 
surface  area. 

Thus,  although  vacu-blastlng  Is  more  advantageous  than  sand¬ 
blasting  in  regards  to  reduction  In  airborne  particulates  and  abrasive 
requirements.  It  is  less  advantageous  in  terms  of  versatility  and  labor 
cost.  As  with  sandblasting,  the  potential  for  an  explosion  and  depth  of 
contamination  during  vacu-blastlng  and  depth  of  contamination  must  be  ad¬ 
dressed  prior  to  selection  of  vacublastlng  as  a  decontamination  method. 

7. 2. 4. 4  Scarifier 


The  scarifier,  a  pneumatically  operated  surface  remover,  can 
strip  off  layers  of  concrete  up  to  a  depth  of  one  inch.  Various  units  are 
commercially  available  that  can  be  used  for  wall  and  floor  application  as 
shown  in  Figure  13.  The  key  benefit  of  the  scarifier  Is  that  much  greater 
depths  of  removal  are  possible  than  with  either  sand  or  vacu-blastlng. 
However,  the  primary  disadvantages  of  the  scarifier  appear  to  outweigh  the 
benefits  in  that  the  use  of  a  scarifier  Is  restricted  to  concrete  and  can 
only  be  used  In  open  areas  free  of  obstruction. 

The  scarifier  would  have  some  limited  applicability  If  the 
structures  encountered  In  explosive  manufacturing  plants  were  composed 
primarily  of  concrete.  However,  structures/explosives  contaminated  are 
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generally  constructed  with  a  composite  of  building  materials  (l.e.  con¬ 
crete  floor,  brick  walls,  wood  ceiling).*  Since  the  porosity  and  perme¬ 
ability  of  these  building  materials  (e.g.  concrete  and  brick)  are  similar. 
It  Is  expected  that  the  depth  of  penetration  of  contaminants  would  also  be 
similar.  Thus,  a  method  other  than  the  scarifier  which  would  remove  sur¬ 
faces  to  the  desired  depth  from  brick  and  other  materials  would  be  re¬ 
quired.  Since  the  disadvantages  outweigh  the  benefits,  the  scarifier 
concept  Is  eliminated  from  further  discussion. 


7.2.5  Summary 

Table  22  lists  the  applicability  of  the  abrasive  concepts  dis¬ 
cussed  in  this  section.  Cost  analyses  were  performed  for  all  concepts 
except  the  Scarifier  Concept. 


TABLE  22.  APPLICABILITY  OF  SELECTED  ABRASIVE  CONCEPTS 


% 

Selected  Concept 

Material  Applicability 

Anticipated  Removal  Depth 

• 

Sandblasting 

Potentially  all  materials 

<1/4  Inch 

$ 

Vacu-blastlng 

Potentially  all  materials 

<1/4  inch 

(Jq*, 

Scarifier 

Concrete  only 

>1  Inch 

o’* 

• 

Hydroblasting 

Potentially  all  materials 

<1/4  Inch 

*  Information  obtained  from  Site  Surveys. 
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7.3  EXTRACTIVE  REHOVAL  OF  EXPLOSIVES 

7.3.1  Introduction 

An  extraction  concept  entails  the  use  of  a  solvent  to  dissolve 
the  contaminants  In  building  materials.  The  solvent  can  be  either  organic 
or  aqueous  (perhaps  containing  surfactants)  or  a  combination  aqueous/ 
organic  system.  Application  of  the  solvent  can  be  performed  by  a  variety 
of  methods.  Following  application,  solvent  laden  with  contaminants  Is 
collected  and  decontaminated  either  by  Incineration  or  chemical  treatment. 

(It  should  be  noted  that  several  of  the  concepts  Identified  In  this 
section  can  also  be  employed  as  procedures  for  the  application  of  liquid 
reactants.) 

The  performance  of  a  solvent  extraction  process  for  building 
decontamination  depends  highly  on  the  nature  of  the  diffusion  of  neat 
solvent  Into  porous  materials  and  the  diffusion  of  contaminated  solvent 
from  the  materials.  At  this  stage  It  can  only  be  speculated  that  the 
process  may  work  to  some  degree.  The  ultimate  performance  of  a  solvent 
extraction  process  can  only  be  determined  by  experimental  study  in  which 
the  diffusion  of  solution  Into  and  from  various  building  materials  Is 
characterized.  It  Is  anticipated  that  a  solvent  extraction  process  will 
be  primarily  a  near  surface  decontamination  technique.  Thus,  if  the  depth 
of  contamination  Is  greater  than  about  1/4  to  1  inch,  the  feasibility  of 
complete  decontamination  of  a  building  by  a  solvent  extraction  technique 
Is  greatly  diminished. 

Various  solvent  extraction  methods  were  identified  during  this 
program.  These  concepts  were  developed  and  then  screened  to  eliminate  the 
least  advantageous  concepts.  The  selected  concepts  were  then  analyzed  In 
engineering  aspects  to  evaluate  the  physical  feasibilities  and  limita¬ 
tions.  Several  hypothetical  structures  derived  from  information  obtained 
in  the  field  surveys  were  used  as  the  basis  for  assessing  feasibility. 
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Finally,  a  cose  analysis  was  performed  on  Che  concepts  with  the  greatest 
potential  for  complete  decontamination  of  the  hypothetical  structures. 


7.3.2  Extraction  Concept  Descriptions 

The  following  are  short  descriptions  of  the  extraction  process¬ 
es.  Detailed  descriptions  are  provided  in  Appendix  Ill. 

7. 3. 2.1  Solvent  Circulation 


An  organic  solvent  such  as  acetone  Is  circulated  across  the 
surface  of  a  building  solubilizing  the  contaminants.  The  spent  solvent  Is 
thermally  or  chemically  created  to  decontaminate  the  agents.  The  solvent 
may  be  recycled  If  no  degradation  of  the  solvent  occurs  during  treatment. 

Advantages 

o  Removal  of  contaminated  paint  Is  possible  If  the  proper  sol¬ 
vent  Is  selected. 

o  Depending  on  solvent-explosive  compatibility,  this  approach 
may  be  a  very  efficient  removal  system. 

Disadvantages 

o  Method  not  suited  for  Intricate  structures. 

o  Penetration  cf  solvent  Into  material  matrix  followed  by 
outward  diffusion  may  take  a  long  time. 

o  Residual  solvent  in  building  material  may  require  removal 
and/or  decomposition. 

o  The  solvent  may  tend  to  carry  the  explosive  farther  into  the 
wall  before  outward  movement  occurs. 
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7. 3. 2. 2  Supercritical  Fluids 

This  method  Is  based  on  the  use  of  a  supercritical  fluid  as  a 
solvent  extraction  medium.  A  supercritical  fluid  is  one  that  exists  when 
temperature  and  pressure  conditions  are  above  the  critical  temperature  and 
pressure  of  the  substance. 

Advantages 

o  Supercritical  fluids  often  have  superior  solubility  proper 
ties  compared  to  liquid  solvents. 

o  Purification  of  supercritical  fluids  is  often  easier  than 
conventional  liquid  solvents  (Chemical  and  Engineering  News, 
August  3,  1981,  p.  16). 

Disadvantages 

o  It  would  be  difficult  to  maintain  supercritical  conditions 
for  purposes  of  building  decontamination  because  the  critical 
pressure  and/or  temperature  of  most  substances  Is  much  higher 
than  atmospheric/ ambient  conditions.  For  example,  CO2  has 
a  critical  pressure  of  72.9  atmospheres  although  the  critical 
temperature  Is  only  31  C.  If  a  supercritical  fluid  were 
Identified  which  exists  at  standard  conditions,  the 
extraction  capabilities  would  have  to  be  merited.  No  such 
fluid  has  been  identified. 

See  Section  7.5  for  a  discussion  of  the  specific  applicability 
of  this  concept. 

7. 3. 2.3  RadKleen 

Freon*  113  is  sprayed  under  pressure  on  the  building  material. 
The  Freon  dissolves  the  contaminants  and  Is  then  collected  and  distilled 
for  reuse.  A  spray  and  vacuum  pick-up  apparatus  may  be  employed  for  ap- 
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plication  and  collection  of  the  Freon.  RadKleen  is  an  established  version 
of  a  solvent  circulation  process. 


Advantages 

o  Vapors  can  penetrate  Inaccessible  areas. 

o  Freon  113  is  a  stable,  non-polar  organic  solvent  suitable  for 
extracting  organic  compounds. 

o  The  solvent  is  nontoxic,  nonflammable  and  noncarclnogenlc. 

o  Low  surface  tension  allows  rapid  wetting  of  the  surface. 

o  Low  viscosity  allows  easy  particulate  separation. 

o  Freon  may  be  reclaimed  easily  when  used  in  a  closed  system. 
(The  cost  of  Freon  113  makes  reclamation  mandatory.) 

Disadvantages 

o  Complete  extraction  of  contaminants  from  subsurfaces  may  be 
difficult  to  accomplish. 

o  Diffusion  nay  limit  rate  of  application. 

7. 3, 2, 4  Vapor  Phase  Solvent  Extraction 

An  organic  solvent  Is  heated  to  its  boiling  point  and  the  vapors 
allowed  to  circulate  in  a  building.  The  vapors  permeate  porous  building 
materials  where  they  condense,  solubilize  the  explosive  and  diffuse  out¬ 
ward.  The  liquid  solvent  laden  with  contaminant  Is  collected  in  a  sump 
and  treated  to  permit  recycle  of  solvent. 

Advantages 

o  Method  well  suited  to  all  areas  of  a  building  including 
Intricate  structures. 

o  Solvent  permeability  and  dlffuslvlty  are  enhanced  by  using 
vapor  phase  transport. 

•  Removal  of  contaminated  paint  Is  possible  If  the  proper 
solvent  Is  selected. 


o  Depending  on  Che  solvent-explosive  compatibility  it  may  be  a 
very  efficient  removal  system. 

o  Some  enhanced  solubility  of  explosives  in  the  solvent  is 
expected  due  to  the  elevated  temperatures  employed. 

Disadvantages 

o  Outward  diffusion  of  solvent  laden  with  explosive  may  require 
long  times. 

o  The  solvent  may  tend  to  carry  the  explosove  farther  into  the 
wall  before  outward  movement  occurs. 

7. 3. 2. 5  Surfactants 

A  surfactant  may  be  added  to  water  to  lower  its  surface  tension. 

Explosives  may  be  more  soluble  in  such  a  system  permitting  easier  removal. 

Advantages 

o  The  surfactant  may  allow  deeper  penetration  of  the  solvent 
into  contaminated  materials  by  lowering  the  surface  tension 
of  the  solvent  thus  assisting  in  physical  removal. 

o  Surfactanc/hydroblast  system  is  currently  in  use  for  routine 
cleanup  of  a  commercial  explosive  manufacturer. 

Disadvantages 

o  Only  effective  as  a  surface  or  near  surface  decontamination 
technique . 

o  The  low  solubility  of  explosives  in  aqueous  media  may  be  only 
marginally  enhanced  by  the  use  of  surfactants. 

7. 3. 2. 6  Strlppable  Coatings 


Coatings  in  which  explosives  are  soluble  could  be  applied  to  a 
contaminated  surface  and  subsequently  removed  for  decontamination. 
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Strippabie  coatings  have  been  designed  that  are  readily  removed  via  a 
simple  stripping  action  which  removes  the  coating  as  large  sheets. 

Advantages 

o  Strippabie  coatings  contain  the  contaminant  for  easier  hand 
ling  and  disposal. 

o  It  may  be  possible  to  incorporate  reactants  into  the  coating 
which  decontaminate  the  explosive  prior  to  stripping. 

o  Some  coatings  have  been  designed  so  that  they  are  quite 
flammable.  Such  coatings  could  be  utilized  ror  explosive 
removal  prior  to  incineration. 

Disadvantages 

o  The  explosives  may  still  be  active. 

o  The  polymer  would  need  to  be  formulated  so  that  it  would  not 
bind  irreversibly  to  the  wall  or  item  on  which  it  is  applied. 

7. 3. 2.7  External  Steam  Generator 


Steaming  involves  the  use  of  steam  to  physically  extract  ex¬ 
plosive  contaminants  from  building  materials*  In  this  method  the  entire 
building  would  be  flooded  with  steam  from  an  external  steam  generator. 
Condensate  would  be  collected  in  a  sump  for  treatment. 

Advantages 

o  This  approach  has  minimal  manpower  requirements  while 

providing  a  simple  mechanism  to  clean  an  entire  building  at 
once. 

o  Depending  on  the  contaminant ,  thermal  decomposition  and  or 
hydrolysis  may  occur. 

o  Hay  be  effective  on  wood  and  translte. 

o  Increased  solubility  of  explosives  in  water  at  elevated 
temperatures. 


Steaming  involves  the  use  of  steam  to  physically  extract  explo¬ 
sive  contaminants  from  building  materials.  The  steam  would  be  applied  to 
the  building  through  hand-held  wands  or  automated  systems  and  the  con¬ 
densate  would  be  collected  in  a  sump  for  treatment. 

Advantages 

o  Steam  cleaning  is  a  relatively  inexpensive  and  simple 

mechani8.n  •j"  .  throughout  the  commercial  explosive  industry. 

o  Depending  on  the  contaminant,  thermal  decomposition  and/or 
hydrolysis  may  occur. 

o  Increased  solubility  of  explosives  in  water  at  elevated 
temperatures. 

Disadvantages 

o  Only  known  to  be  effective  for  surface  decontamination. 

o  Labor  intensive  operation;  costly  process  if  automated. 

o  Probably  only  mechanical  removal  of  explosives  takes  place. 

7.3.3  Concept  Eve luatlon 

A  summary  of  the  evaluation  scores  for  each  of  the  extraction 
concepts  is  given  in  Table  23.  The  following  procedure  was  used  to  screen 
for  the  better  concepts. 


1)  Any  concept  with  a  total  score  less  than  zero  Is  eliminated, 
Thus,  Supercritical  Fluids  is  eliminated. 
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2)  Any  concept  which  scores  a  double  minus  ( — )  In  Safety, 
Penetration  Depth,  or  Applicability  To  Complex  Surfaces  Is 
eliminated.  Thus,  Surfactants,  Strippable  Coating,  Manual 
Steam  and  Solvent  Circulation  concepts  are  eliminated. 

3)  If  the  total  score  for  the  operating  and  capital  costs  Is 
less  than  zero  then  the  concept  is  eliminated.  This  does 
not  eliminate  any  concepts. 

Thus,  the  remaining  concepts  after  this  preliminary  screening 
are  Radlcleen,  Vapor  Phase  Solvent  Circulation  and  External  Steaming. 

7.3.4  Engineering  Analysis 


7. 3. 4.1  Vapor  Phase  Solvent  Circulation 


In  the  vapor  circulation  concept,  a  heated  organic  solvent  In 
which  the  explosives  would  be  highly  soluble  (e.g. ,  acetone)  would  be  used 
to  dissolve  contaminants.  A  vapor  phase  would  be  used  to  allow  easy  ap¬ 
plication  of  the  solvent  simultaneously  throughout  the  sealed  building. 

As  the  solvent  condenses  It  dissolves  contaminants.  The  solvent  laden 
with  explosives  Is  collected  In  a  sump  for  treatment. 

The  process  may  entail  the  following  steps: 

Solvent  is  vaporized  In  a  boiler  situated  In  a  building.  Steam, 
for  example,  can  be  used  to  supply  the  heat  duty  to  vaporize  the  low 
boiling  point  organic  solvent.  The  vaporized  solvent  would  permeate  the 
building  and  condense  on  the  building  materials  dissolving  contaminants  as 
It  condenses.  Repeated  condensation  of  solvent  will  cause  the  building 
material  to  heat  up  to  near  the  boiling  point  of  the  solvent.  In  porous 
materials  such  as  concrete,  the  building  would  act  as  a  condensor  for  the 
solvent,  and  repeated  condensation  and  vaporization  within  the  porous 
material  would  physically  remove  contaminants  and  dissolve  them.  The 
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dissolved  contaminants  would  diffuse  under  a  concentration  gradient  to  the 
surface  of  the  building  materials  where  fresh  solvent  would  serve  to 
transport  the  contaminants  to  a  sump.  The  contaminated  solvent  would  then 
be  pumped  out,  passed  through  a  treatment  system  to  remove  or  destroy  the 
contaminants,  and  recycled  to  the  boiler.  The  process  could  be  run  for 
days,  if  necessary,  without  prohibitive  costs  since  personnel  would  only 
be  indirectly  Involved  In  the  operation  (the  building  would  be  sealed). 

The  uncertainties  remaining  for  this  process  are  the  length  of 
time  required  for  the  dissolved  contaminants  to  diffuse  outward  from  the 
subsurface  of  porous  materials  and  the  ultimate  removal  efficiency  that 
may  be  obtained.  At  this  stage,  it  can  only  be  speculated  that  the  method 
will  work.  A  detailed  analysis  of  mass  transfer  limitations  (diffusion) 
must  be  performed  before  this  concept  can  either  be  eliminated  or 
validated  as  a  useful  system. 

It  may  be  noted  that  a  modification  of  this  process  may  be  ear* 
ployed  in  the  application  of  selected  liquid  reactants.  The  reactant 
could  be  volatilized  and  allowed  to  permeate  into  the  building  materials. 
As  the  reactant  condenses,  it  decomposes  the  contaminant.  Thus,  no  out¬ 
ward  diffusion  limitation  would  be  encountered  as  they  would  for  the 
solvent  extraction  method.  In  engineering  terms,  this  may  be  a  preferable 
method  over,  for  example,  the  spraying  of  liquid  reactants  because  the 
entire  building  can  be  treated  simultaneously  with  indirect  involvement  of 
personnel.  Also,  the  diffusion  rate  of  vapors  into  porous  materials  would 
be  much  greater  than  for  liquids  (if  capillary  action  is  not  substantial). 

7. 3. 4. 2  RadKleen 


RadKleen  was  developed  by  Health  Physics  Systems  Inc.  as  a 
method  to  decontaminate  itemd  contaminated  with  either  radiological  mate¬ 
rials  or  agents.  Decontamination  is  accomplished  either  by  removal  of 
particulates  in  the  case  of  radiological  contaminants  or  by  solubilization 
in  the  case  of  agents.  A  schematic  of  the  process  is  shown  in  Figure  14. 


FIGURE  14.  RADKLEEN  PROCESS  (HEALTH  PHYSICS  SYSTEMS  INC.) 


Experimental  work  has  been  performed  on  the  capability  of 
RadKleen  in  agent  removal  from  clothing,  rubber  and  wabbing.*  The  data 
indicates  that  over  90  percent  of  GD  or  HO  can  be  extracted  in  1  to  3 
minutes  by  the  solvent,  Freon  113*,  which  is  used  in  the  RadKleen  process. 

Thus,  the  effectiveness  of  the  method  has  been  established  for  personal 
articles  in  relation  to  agent  removal.  No  work  has  yet  been  done  in  the 
explosives  area;  however,  the  mode  of  decontamination  (particulate  removal 
versus  solubilization)  may  be  Inferred  by  analyzing  the  solubilities  of 
explosives  in  chlorinated  solvents.  TNT,  NG  and  to  some  extent  Tetryl  may 
be  removed  by  solubilization  with  Freon  113*  because  of  the  high  solubil¬ 
ities  of  these  explosives  in  chloroform  and  other  chlorinated  organics. 

If  explosives  are  removed  as  particulates  (because  of  low  sol¬ 
ubility)  then  the  method  could  only  be  considered  as  a  surface  treatment 
and  would  be  less  advantageous  then  other  methods  which  allow  decontam¬ 
ination  of  the  sub-surfaces  of  porous  materials.  However  if  the  explo¬ 
sives  is  solubilized  then  the  method  has  merit. 

RadKleen  may  be  applied  to  buildings  in  various  ways  including 
spraying,  volatilizing  or  using  a  spray  and  vacuum  device.  The  uncer- 
talnitles  of  spraying  and  volatilizing  Freon  113*  are  the  length  of  time 
required  for  the  contaminated  solution  to  diffuse  outward  from  the  build¬ 
ing  materials  and  the  removal  efficiency.  Until  the  diffusional  phenomena 
is  characterized  it  can  only  be  speculated  that  complete  decontamination 
by  spraying  will  be  feasible. 

A  device  shown  in  Figure  15  could  be  used  to  continuously  spray 
and  recover  Freon  113*.  The  solvent  could  then  be  vacuum  collected  with  a 
single  nozzle.  The  uncertainties  of  this  method  are  related  to  diffusion 
and  removal  efficiency.  The  use  of  the  vacuum  would  establish  a  pressure 
gradient  which  may  enhance  diffusion  of  the  contaminated  solvent  outward. 


*  Personal  communication  with  Ned  Colburn  of  USATHAMA. 


7. 3. 4. 3  External  Steamli 


Steaming  Is  a  widely  used  method  for  removal  of  surface  deposits 
of  explosives.  It  Is  primarily  a  physical  removal  process  where  the 
action  of  the  steam  loosens  explosive  particulates  from  the  surface.  The 
particulates  are  collected  Intact  In  a  sump  and  decomposed  usually  by  In¬ 
cineration. 

Other  aspects  of  steaming  may  contribute  to  the  building  decon¬ 
tamination  such  as  hydrolysis  of  the  explosives  (e.g.  NG),  solubilization 
(e.g. ,  NG,  NC)  and  thermal  decomposition  (e.g.  NG,  tetryl). 

Steam  cleaning  with  the  use  of  an  external  steam  generator  en¬ 
tails  pumping  steam  Into  a  sealed  building  for  several  hours  or  days.  The 
steam  would  permeate  the  building  materials  and  equipment  and  physically 
remove,  solubilize  and/or  decompose  the  explosive  residues.  The  conden¬ 
sate  would  be  collected  In  a  sump  and  continuously  removed  for  waste 
treatment.  A  steam  generator  may  not  be  required  If  there  are  steam  pipes 
In  the  building.  In  this  case,  steam  could  be  generated  from  an  on-slte 
boiler  and  passed  Into  the  building  by  opening  a  valve  and/or  taking  out  a 
section  of  pipe.  Thus,  only  a  small  pump  would  be  required  for  condensate 
removal  to  a  waste  water  treatment  system. 

The  major  disadvantage  of  steaming  is  that  the  physical  removal 
of  particulates  would  probably  only  occur  on  the  surface  of  the  building 
material.  Thus,  solubilization  and  decomposition  of  the  explosive  must 
occur  In  the  sub-surfaces  of  the  building  material  If  the  process  is  to  be 
feasible.  For  all  explosives  other  than  NG  and,  perhaps,  tetryl  there 
would  be  almost  no  thermal  decomposition  of  the  explosives  at  100  C  (see 
Section  7.1.3).  Thus,  steaming  should  focus  on  the  solubility  of  explo¬ 
sives  In  water  near  the  boiling  point  to  determine  feasibility.  Solubil¬ 
ities  of  various  explosives  In  hot  water  are  given  in  Table  24.  As  can  be 
seen,  even  at  the  boiling  point,  most  explosives  have  solubilities  In 
water  of  less  than  1  percent.  An  exception  would  be  NQ  which  Is  quite 
soluble  (9  percent)  In  100  C  water.  Thus,  a  relatively  large  quantity  of 


RDX 

TNT 

AN 

NC 

NG 

NO 

Lead  Styphnate 


0.28 

0.0675  at  60  C 
Soluble 
Insoluble 
0.25  at  50  C 
9.0 

Slightly  Soluble 


Lead  Azide 


0.05 
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water  would  be  required  to  dissolve  the  explosives .  In  engineering  terns 
this  represents  no  major  difficulties  since  the  steam  generator  could  be 
allowed  to  run  for  days  if  necessary  without  either  an  extensive  capital 
or  operating  cost.  Thus,  steaming  should  be  further  considered  as  a  de¬ 
contamination  method  with  emphasis  on  the  explosives  RDX,  AN,  NQ,  NG  and 
2,4  DNT  whose  solubilities  in  water  are  the  highest  of  the  explosives. 

7.3.5  Summary 

Of  the  three  selected  extraction  concepts  (Steaming,  Vapor 
circulation  and  Radkleen)  only  the  Vapor  Circulation  concept  has  applica¬ 
bility  to  all  explosives  of  interest.  The  Steaming  and  Radkleen  concepts 
are  limited  because  of  the  low  solubilities  of  the  explosives  in  hot  water 
and  chlorinated  solvents,  respectively.  However,  mixtures  of  solvents  may 
be  employed  in  these  concepts  to  enhance  the  solubility.  Thus,  exper¬ 
imental  work  is  required  in  determining  optimum  solvent  mixtures  for  the 
Radkleen  and  Steaming  concepts  as  well  as  specifying  the  solvent(s)  for 
the  Vapor  Circulation  concept. 

At  this  stage,  however,  all  three  concepts  will  be  evaluated  in 
terms  of  economics. 


7.4  CHEMICAL  DECONTAMINATION  OF  EXPLOSIVES 


7.4.1  Introduction 


A  variety  of  chemical  methods  are  available  which  may  convert 
explosives  to  non-explosive  and  non-hazardous  products.  Some  of  the  con¬ 
cepts  presented  In  this  report  are  well  documented  and  proven  methods  for 
explosives  decontamination  whereas  others  are  more  novel  and  will  require 
experimental  valldlflcation  of  their  decontamination  efficiency. 

All  candidate  chemical  decontamination  concepts  are  briefly  de¬ 
scribed  below  to  Introduce  these  concepts  and  present  their  obvious  ad¬ 
vantages  and  disadvantages  before  the  concept  selection  process  Is  de¬ 
scribed  further.  Detailed  descriptions  are  given  in  Appendix  III. 

7.4.2  Concept  Descriptions 

7, 4, 2.1  Radical  Initiated  Decomposition  of  Explosives 


The  chemical  generation  of  hydroxyl  radicals  with  Fenton's  rea¬ 
gent  and  the  generation  of  carbon-based  radicals  (ketyls)  Is  hypothesized 
to  Initiate  the  complete  decomposition  of  nltroaromatlc  and  nltraralne  ex¬ 
plosives  to  volatile  and  non-toxic  gases.  This  concept  Is  based  on  the 
precedent  that  hydroxyl  and  carbon-based  radicals  which  are  generated 
either  radlolytlcally  or  photochemical ly  leads  to  very  effective  destruc¬ 
tion  of  these  classes  of  explosives. 

Advantages 

•  Production  of  reactive  radicals  by  chemical  means  may  be 
performed  within  material  matrix  and  allow  internal 
explosives  decomposition. 


•  The  radical  flux  nay  be  greater  via  chemical  methods  compared 
to  radlolytlc  or  photochemical  methods. 

•  Chemical  production  of  radicals  requires  Inexpensive  and  safe 
reagents. 

Disadvantages 

•  Explosives  may  have  limited  solubilities  In  Fenton's  Reagent. 
7. 4. 2. 2  Base  Initiated  Decomposition  of  Explosives 

Basic  solutions  will  Initiate  the  rapid  decomposition  of  a  wide 
range  of  explosives  to  non-explosive  and  volatile  or  non-toxic  products. 

Advantages 

•  Decomposition  reactions  are  rapid  at  relatively  low 
temperatures. 

•  Catalysts  may  be  employed  which  will  significantly  Increase 
the  decomposition  rate  of  a  number  of  explosives. 

e  Gaseous  products  or  low  molecular  weight  Ionic  material  are 
formed  from  a  variety  of  explosives. 


Disadvantages 

•  Relatively  high  pH  solutions  must  be  used, 
e  Explosives  will  have  limited  solubilities  In  aqueous  solvent 
systems. 
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7. 4. 2. 3  Decomposition  of  Explosives  with  DS2 

DS2  Is  an  a  decontaminating  solution  for  nerve  agents  uhlch  may 
have  unique  ability  to  Initiate  the  rapid  decontamination  of  a  wide  range 
of  explosives.  DS2  contains  sodium  hydroxide  In  a  solvent  system  uhlch 
has  strong  ability  to  coordinate  with  sodium  cations  and  thus  generate 
"naked"  hydroxide  ions  in  highly  reactive  state.  This  concept  13  a  vari¬ 
ation  of  the  "Base  Initiated  Decomposition  of  Explosives"  concept  but  was 
described  and  evaluated  separately  due  to  Its  unique  potential  and  engi¬ 
neering  requirements. 

Advantages 

•  DS2  has  the  potential  for  very  rapid  and  complete 
decomposition  of  explosives. 

•  Host  explosives  will  be  highly  soluble  In  DS2. 

Disadvantages 

•  DS2  Is  flammable  and  Irritating  to  breath  and  to  the  skin. 

•  Reactivity  may  decrease  upon  absorption  of  atmospheric 
moisture. 

7. 4. 2. 4  Decomposition  of  Explosives  with  Molten  Reactant  Systems 

This  concept  Is  another  variation  of"Base  Initiated  Decomposi¬ 
tion  of  Explosives"  which  is  described  separately  because  of  Its  unique 
decomposition  potential  and  engineering  requirements.  Molten  waxes  con¬ 
taining  potassium  hydroxide  have  been  demonstrated  to  Initiate  “instan¬ 
taneous"  decomposition  of  several  explosives. 


Advantages 

•  Potentially  Instantaneous  decomposition  of  a  variety  of 
explosives. 

•  Products  of  explosives  decomposition  would  be  contained  in  a 
solidified  waxy  solid  which  could  potentially  be  peeled  off. 

Disadvantage 

•  Decontamination  would  be  restricted  to  material  surfaces 
only. 

e  Removal  of  solidified  wax  from  irregular  surfaces  may  be 
difficult. 

7. 4. 2, 5  Sulfur  Based  Reduction  of  Explosives 

A  variety  of  sulfur  derived  reductants  are  known  to  reduce  a 
wide  range  of  explosives  to  non-explosive  and  volatile  or  non-toxic 
products. 

Advantages 

•  Nitrate  ester  explosives  will  be  converted  rapidly  and 
quantitatively  into  non-explosive  and  non-toxic  products. 

•  Other  classes  of  compounds  will  be  rapidly  converted  into 
non-explosive  but  potentially  toxic  compounds. 


Disadvantages 

•  Sulfur  based  reductants  are  highly  odoriferous  and  sulfur 
containing  gases  may  be  liberated  requiring  subsequent 
cleanup. 


7 .4 .2.6  Decomposition  of  Explosives  by  Reduction  With  Sodium  Borohydrlde 


Sodium  borohydrlde  may  be  utilized  to  reduce  RDX,  KMX,  and 
nltroguanidlne  to  non-explosive  products  and  to  reduce  TNT,  DOT  and  Tetryl 
to  aminoaromatlcs  (in  the  presence  of  a  cobalt  catalyst  in  aqueous  based 
solvent  systems).  Sodium  borohydrlde  may  also  denitrate  nitrocellulose 
and  nitroglycerine  to  nitrogen  free  products. 

Advantages 

•  An  advantage  of  using  sodium  borohydrlde  rather  than  sulfide 
based  reductants  Is  that  noxious  sulfur  containing  gases  will 
be  liberated  by  the  latter  but  not  by  the  former  reductant. 

Disadvantages 

•  Aromatic  amines  produced  by  the  reduction  of  nltro  aromatic 
explosives  may  be  toxic  compounds. 

•  Significant  amounts  of  cobalt  salts  may  be  required  to  cause 
significant  rates  of  reduction  of  nltro  aromatic  explosives. 

7. 4. 2.7  Microbial  Degradation  of  Explosives 

Explosives  may  be  decomposed  by  exposing  them  to  cultured  aerobic 
or  anaerobic  microbes  or  enzymes  produced  by  cultured  microbes. 


Advantages 

•  Microbes  would  be  cultured  to  effectively  attack  targeted 
explosives. 

•  Decontamination  operations  would  be  quite  safe  and 
self-sustaining. 


Disadvantages 

•  A  large  developmental  effort  would  be  required  to  develop  an 
optimized  strain  of  microbes  for  degradation  of  specific 
explosive. 

•  Nitroaromatlcs  have  not  been  reduced  past  the  aromatic  amine 
stage  and  no  ring  degradation  has  been  observed. 

e  Carcinogenic  nltrosoamlnes  have  been  detected  In  the 
microbial  degradation  of  RDX  and  nltroguanldlne. 

7. 4. 2. 8  Reductive  Cleavage  of  Explosives 

Zinc  dust  (and  possibly  other  metals)  can  be  used  to  reductively 
cleave  the  nltro  groups  of  RDX,  HMX  and  nitrate  esters  and  thereby  be 
converted  into  non-explosive  and  possibly  non-toxic  products. 

Advantage 

•  Denitration  of  explosives  occurs  rapidly  at  ambient 
temperature  In  organic  solvents  which  should  readily 
solubilize  these  explosives. 


Disadvantages 

•  Reactant  system  Is  a  heterogeneous  system  which  would  dictate 
decomposition  applicability  for  surfaces  only. 
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7. 4. 2. 9  Decomposition  of  TNT  With  Reactive 


Amines  and  Acetone  or  Acetonitrile 


TNT  in  bulk  quantities  nay  be  rapidly  and  safely  converted  to 
non-explosive  products  with  a  variety  of  amines  In  the  presence  of  the 
specified  solvents. 


Advantages 


e  Rapid  solubilization  and  safe  chemical  decomposition  of  TNT 
to  non-explosive  products  Is  known  to  occur. 


Disadvantages 


•  Non-volatile  toxic  products  may  be  formed  that  would  require 
subsequent  removal  or  reaction, 
a  The  solvents  of  choice  for  the  reaction  are  flammable. 

7.4.2.10  Decomposition  of  Explosives  Pslng  Oltravlolet 


Light  and  Hydrogen  Peroxide  or  Acetone 


Oltravlolet  Irradiation  of  a  wide  range  of  explosives  which  are 
dissolved  In  dilute  aqueous  solutions  of  hydrogen  peroxide  or  acetone 
leads  to  quantitative  decomposition  to  gaseous  products. 

Advantages 

•  This  concept  nay  be  a  highly  effective  surface 

decontamination  process  for  a  variety  of  explosives. 


Disadvantages 

•  Decontamination  will  not  be  feasible  for  explosives  located 
within  a  building  matrix. 

•  Surface  decontamination  will  not  be  applicable  to  complex 
surfaces  with  non  llne-of-slght  exposure  to  the  UV  lamps. 

7.4.2.11  Decomposition  of  Explosives  Using 
Gamma  Radiation  and  Water  or  Acetone 

A  variety  of  explosives  when  dissolved  In  water  (or  organic 
solvents)  and  subjected  to  gamma  radiation  readily  undergo  decomposition 
to  volatile  products. 

Advantage 

«  Gamma  radiation  Is  capable  of  deeply  penetrating  all  building 
materials. 


Disadvantages 

•  Gamma  radiation  Initiated  decomposition  of  explosives  which 
are  deposited  within  a  building  material  matrix  would  be  very 
effective  only  when  that  explosive  has  been  wet  or  dissolved 
by  some  permeating  solvent. 

e  Reaction  products  may  be  toxic  and  require  further  removal. 

e  Gamma  radiation  usage  requires  a  high  degree  of  remoce 
control  equipment  and  significant  precautions  towards 
personnel  safety. 


K-.v 
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RDX  and  HMX  may  be  completely  decomposed  to  gaseous  products  and 
nitrate  Ions.  TNT,  DNT  and  Lead  Styphnate  may  be  converted  to  desensi¬ 
tized  materials. 

Advantages 

•  Various  explosives  will  undergo  quantitative  conversion 
either  to  gaseous  degradation  products  or  to  desensitized 
compounds. 

Disadvantages 

•  Strongly  addle  solutions  will  probably  damage  concrete 
materials. 

•  Disposal  of  chromium  containing  wastes  Is  difficult. 

7.4.2.13  Reduction  of  Explosives  With  Active  Metals  and  Adds 


Various  explosives  will  be  reduced  to  non-explosive  products 
upon  treatment  with  heterogeneous  systems  consisting  of  various  active 
metals  and  acid. 

Advantages 

•  A  wide  range  of  explosives  may  be  readily  reduced  to 
non-toxic  products. 


v.v 


Disadvantages 

•  The  reactant  system  Is  a  heterogeneous  mixture  which  will  be 
restricted  to  surface  only  applications. 

•  Acidic  reactant  solutions  will  probably  damage  concrete 
materials. 

7.4.2.14  Nucleophilic  Displacement  of 
Nltro  Groups  In  Aromatic  Explosives 

All  but  one  of  the  nltro  groups  in  aromatic  explosives  may  be 
readily  replaced  by  various  thlolate  nucleophiles  to  render  these  explo¬ 
sives  Inert. 

Advantages 

•  The  denitration  reactions  proceed  rapidly  at  room 
temperatures  In  a  variety  of  explosives  solubilizing 
solvents. 

Disadvantages 


e  Reaction  products  will  contain  a  residual  nltro  group  and 
attached  thiol  ethers  and  may  be  toxic, 
e  The  thlolate  reactants  and  their  potential  coupling  products 
will  probably  be  odoriferous  and  require  subsequent  treatment 
and/or  removal. 


7.4. 2. IS  Oxidation  of  Explosives  With  Ozone 
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Advantages 

•  Gaseous  ozone  may  be  used  to  decompose  explosives  which  are 
within  a  building  material  matrix. 

Disadvantages 

e  Ozone  by  itself  has  a  low  effectiveness  for  the  decomposition 
of  most  explosives. 

•  The  effectiveness  of  ozone  toward  explosives  degradation  Is 
greatly  Increased  by  the  simultaneous  application  of  ultra¬ 
violet  radiation  but  this  variation  limits  this  approach  to  a 
surface  only  concept. 

7.4.2.16  Reversible  Reduction  of  DNT  with  Ascorbate 


Most  Isomers  of  DNT  upon  treatment  with  ascorbic  acid  may  be 
readily  converted  to  Ionic  species  which  will  be  readily  solubilized  In 
water. 


Advantages 

•  2,5-;  3,4-;  and  2,3-DNT  are  readily  converted  into  their 
dianlons  which  are  water  soluble. 

Disadvantages 

•  2,4-  and  2,6-DNT  (which  represent  98  percent  of  DNT  Isomers) 
are  reduced  to  products  which  are  Insoluble  In  water. 

e  This  concept  represents  a  selective  solubilization  process 
rather  than  a  decontamination  process. 


Explosives  may  be  reduced  by  hydrogenation  with  a  mixture  of 
hydrogen  sulfide  and  carbon  monoxide  at  elevated  temperatures  (with  a 
heterogeneous  catalyst)  or  by  a  two  step  process  involving  Initial  treat¬ 
ment  with  nickel  carbonyl  followed  by  hydrogenation  with  hydrogen. 


Advantages 

e  Explosives  may  be  reduced  within  a  building  material  matrix 
by  reacting  with  the  gaseous  reagents. 

e  Nickel  catalyst  could  be  deposited  within  the  material  matrix 
by  heating  the  nickel  carbonyl. 

e  Nitrate  esters  would  be  reduced  to  non-toxic  alcohols. 

Disadvantages 

•  Nickel  carbonyl  Is  extremely  toxic  and  explodes  readily. 

•  Seduction  employing  hydrogen  sulfide  and  carbon  monoxide 
could  only  be  at  high  temperatures. 

e  Toxic  reduction  products  (from  nltroaromatlc  and  nltramlne 
explosives)  would  be  left  In  material  Interior. 

7.4,3  Chemical  Decontamination  Concept  Evaluations 

All  candidate  chemical  concepts  briefly  described  In  the  prev¬ 
ious  section  were  evaluated  with  respect  to  the  two  criteria  of  the 
"Critical  Chenlcal  Process  Requirements"  and  the  seven  criteria  of  the 
"Preliminary  Evaluation  Ratings"  previously  described.  Many  concepts 
contained  several  variations  and  were  also  determined  to  be  distinctly 
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more  effective  for  one  type  of  explosive  compared  to  other  explosives.  In 
these  cases  the  concepts  were  scored  by  evaluating  the  best  possible  var¬ 
iation  with  respect  to  the  explosive  which  had  the  greatest  applicability. 
Two  variations  of  the  concept  “Base  Initiated  Decomposition  of  Explo¬ 
sives'  were  described  In  separate  concept  description  forms  since  these 
variations  encompassed  sufficiently  different  engineering  requirements  or 
background  Information.  These  variations  are  "Decomposition  of  Explosives 
With  DS2"  and  'Decomposition  of  Explosives  With  Molten  Reactant  Systems" 
and  each  was  evaluated  separately.  The  tabulated  scores  for  each  concept 
are  shown  In  Table  25  and  include  the  summed  scores  for  the  Critical 
Chemical  Process  Requirements  and  the  Preliminary  Evaluation  Ratings  and 
the  separate  Critical  Chemical  Process  Requirements  scores.  It  can  be 
seen  that  the  total  rating  scores  of  the  surviving  concepts  ranged  from  12 
from  to  -2.  Candidate  chemical  concepts  1,  2,  5,  6,  7,  and  8  achieved 
scores  of  between  12  and  10  whereas  concepts  16  and  17  did  not  survive  the 
Critical  Chemical  Process  Requirements  since  destruction  efficiency  scores 
of  -2  were  achieved  by  each  of  these  concepts. 

The  rating  scores  for  the  safety  criteria  deserve  some  comment. 
For  any  chemical  decontamination  reagent  to  be  significantly  reactive, 
that  reaction  must  generally  be  somewhat  exothermic.  This  heat  liberation 
could  cause  the  temperature  of  the  reagent  system  to  Increase  signifi¬ 
cantly  which  could  lead  to  an  explosion.  Many  warnings  are  listed  In  the 
literature  concerning  the  explosion  hazards  associated  with  the  applica¬ 
tion  of  concentrated  reagent  solutions  to  significant  amounts  of  explo¬ 
sives.  To  accommodate  the  predicted  heat  evolution  from  a  variety  of  re¬ 
actant  systems.  It  Is  assumed  that  the  reagent  will  be  applied  In  a  suf¬ 
ficiently  large  volume  of  solvent  which  will  serve  as  a  heat  sink  to  dis¬ 
sipate  the  heat  evolved  from  the  decomposition  reaction(s).  Thus  the  po¬ 
tential  exploslvlty  of  various  concepts  was  estimated  by  assuming  that 
relatively  large  volumes  of  dilute  liquid  reagent  would  be  added  to  rel¬ 
atively  small  amounts  of  explosives.  If  large  pockets  of  explosives  were 
suspected  or  known  to  be  present  In  a  decontamination  target  site,  the 
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probable  safest  first  step  in  the  decontamination  acenerlo  would  involve 
an  initial  inerting  process  such  as  solvent  washing.  The  best  feasible 
chemical  decontamination  process  could  then  be  applied  in  a  safe  manner  in 
a  secondary  process. 

All  chemical  decontamination  concepts  received  either  a  -1  or  -2 
rating  under  the  Penetration  Depth  criteria.  These  scores  represent 
either  penetration  depths  of  up  to  1/8  inch  or  surface  removal  only,  re¬ 
spectively.  These  scores  were  uniformly  assigned  to  homogeneous  reactant 
liquids  or  heterogeneous  reactant  liquids  respectively.  A  +1  and  +2  rat¬ 
ing  indicated  penetration  depths  between  1/S  in  and  the  thickness  of  the 
building  material  and  were  reserved  for  gaseous  or  thermal  treatments.  A 
-1  rating  does  not  necessarily  imply  that  liquid  decontaminants  would  not 
penetrate  past  1/8  inch  into  the  building  material.  The  penetration  depth 
of  homogeneous  liquid  reactants  would  be  a  function  of  residence  times, 
reactant  viscosities  and  reactant  temperatures.  It  was  assumed  that  a  1/8 
inch  penetration  could  be  achieved  by  a  normal  application  of  such  liquid 
reactants.  Residence  times  could  be  Increased  by  using  gels  or  foams  and 
by  applying  backings  to  these  strnctures. 

Based  on  the  overall  scores  achieved  in  our  concept  evaluations, 
five  chemical  decontamination  concepts  were  chosen  for  experimental 
valldlflcatlon  in  the  Phase  II  studies.  These  decontamination  concepts, 
their  total  ranking  scores,  and  the  explosives  which  are  potentially 
applicable  for  decontamination  by  each  concept  are  shown  in  Table  26. 

The  concept  "Microbial  Degradation  of  Explosives"  was  not  chosen 
for  verification  in  the  Phase  II  experimental  study,  even  though  it  was 
highly  ranked,  because  significant  and  costly  developmental  studies  would 
be  required  to  culture  microbes  which  had  the  activities  required  for 
effective  decontamination. 

The  minimum  number  of  chosen  concepts  which  are  known  or  pre¬ 
dicted  to  be  applicable  for  each  explosive  is  tabulated  in  Table  27. 


Concept 


Scores 


Potentially  Applicable  Explosives 


•  Radical  Initiated 
Decomposition  of 
Explosives 

•  Base  Initiated 
Decomposition  of 
Explosives 

•  Sulfur  Based 
Reduction  of 
Explosives 

•  Decomposition  of 
Explosives  by 
Reduction  With 
Sodium  Borohydrlde 


12/3 


11/4 


10/4 


11/4 


TNT,  DNT,  RDX,  HMX,  Tetryl(?), 
NG( ? ) ,  NQ(?) ,  NC(?) 


TNT,  DNT,  RDX,  HMX,  NG,  NO,  NC, 
Tetryl (?) 


TNT,  Tetryl ,  RDX,  HMX,  NG,  NQ 
NC,  DNT(?) 


TNT,  DNT,  RDX,  HMX,  NG,  NC,  NQ(7), 
Tetryl (?) 


•  Reductive  Cleavage 
of  Explosives 


10/4 


RDX,  HMX(?),  NQ( ? ) ,  TNT(?) , 
DNT(?),  TetryU?),  NG( ? ) ,  NC(?) 


TABLE  27.  NUMBER  OF  APPLICABLE  CHOSEN  CONCEPTS  FOR  EACH  E/PLOSIVE 


Explosive 

Minimum  Predicted  Number 

of  Applicable  Concepts 

TNT 

A 

otrr 

3 

Tetryl 

1 

RDX 

5 

HMX 

4 

NG 

3 

NC 

3 

NQ 

2 

Detailed  description  forms  of  all  of  the  chemical  decontamina¬ 
tion  concepts  are  found  In  Appendix  III.  Each  of  the  five  surviving  de¬ 
contamination  concepts  are  also  described  in  some  detail  in  the  following 
section.  These  descriptions  are  divided  into  three  sections:  General 
Descriptions,  Criteria  Evaluation  Highlights,  and  Applicable  Explosives. 
The  General  Description  section  discusses  the  background  information  or 
data  which  relates  to  the  probable  efficacy  of  the  concept.  The  Criteria 
Evaluation  Highlights  section  explains  the  rationale  behind  the  rating 
scores  of  3ome  of  Che  criteria.  The  Applicable  Explosives  section  indi¬ 
cates  those  explosives  which  are  known  or  predicted  to  be  decomposed  by 
the  concepts. 


7.4.4  Descriptions  of  Most  Promising  Chemical  Decontamination  Concepts 


7.4.4. 1  Radical  Initiated  Decomposition  of  Explosives 

7. 4. 4. 1.1  General  Description 

This  concept  Involves  the  decomposition  of  explosives  by  hy¬ 
droxyl  radicals  (or  carbon-based  radicals)  which  are  generated  chemi¬ 
cally  rather  than  from  either  ultraviolet  photolysis  or  gamma  radiolysis. 

The  rationale  and  precedents  contributing  to  this  concept  are 
ba3ed  on  results  achieved  from  the  decomposition  of  explosives  through 
ultraviolet  photolysis  and  gamma  radiolysis  methods  and  other  data  which 
are  described  below.  Recent  patented  research  (Andrews,  1976;  Andrews, 
1977)  has  shown  that  the  ultraviolet  photolysis  of  aqueous  solutions  of 
TNT,  DNT,  RDX  and  HHX  containing  small  amounts  of  either  acetone  or  hy¬ 
drogen  peroxide  leads  to  nearly  complete  explosives  decomposition  within 
relatively  short  periods  of  time.  For  Illustration,  ultraviolet  photo¬ 
lysis  of  an  aqueous  solution  of  TNT  (100  ppm)  containing  one  percent  ace¬ 
tone  for  three  hours  led  to  complete  TNT  decomposition  and  the  products 
were  carbon  dioxide,  ammonia  and  a  trace  amount  of  cyanide.  Labelling 
studies  Indicated  Chat  the  carbon  dioxide  carbon  atoms  originated  from 
cleavage  of  the  aromatic  ring  of  TNT.  The  decomposition  of  explosives  was 
shown  to  be  slower  when  hydrogen  peroxide  rather  than  acetone  was  used  as 
the  additive. 

The  initial  postulated  steps  in  the  photolytlc  initiated  decom¬ 
position  of  these  explosives  is  the  formation  of  methyl  or  hydroxyl  radi¬ 
cals  from  acetone  or  hydrogen  peroxide  respectively.  (In  each  case,  these 
photochemical  reactions  are  well  known  processes).  These  radicals  are 
then  postulated  to  abstract  active  hydrogen  atoms  from  the  explosives  to 
generate  unstable  explosives  Intermediates  which  are  then  suggested  to 
decompose  to  ammonia  and  carbon  dioxide  when  subjected  to  continued  pho- 


tolysls.  However  the  need  for  continued  photolysis  In  the  further  decom¬ 
position  of  these  explosives  Intermediates  has  not  been  demonstrated.  If 
continued  ultraviolet  photolysis  of  the  explosives  Intermediates  is  not 
required  for  continued  decomposition,  then  hydroxyl  or  carbon-centered 
radicals  which  are  generated  chemically  should  have  Identical  reactivities 
In  decomposing  explosives  as  the  Ultraviolet  Radiation/Hydrogen  Acetone/- 
Peroxide  reactant  system.  The  hypothesis  that  hydroxyl  (and  other)  radi¬ 
cals  alone  can  Initiate  the  decomposition  of  explosives  is  supported  by 
Information  concerning  the  gamma  Irradiation  of  various  explosives.  It  is 
known  that  dry  TNT  in  the  solid  state  undergoes  very  little  physical  and 
chemical  change  when  exposed  with  doses  In  the  order  of  20  megaRoentgens 
of  gamma  radiation  (Plazzl,  1965).  However,  aqueous  slurries  of  TNT  are 
reduced  In  concentration  by  approximately  30  percent  at  a  dose  level  of 
only  4.1  megarad  (Wentsel,  1981).  TNT  levels  In  pink  water  were  also  re¬ 
ported  to  be  reduced  by  gamma  Irradiation  from  89  mg/1  to  2  ug/1  but  no 
radiation  dose  was  given  (Ventsel,  1981).  It  Is  also  well  known  that 
gamma  lrradlat.on  of  water  readily  produces  hydroxyl  radicals  (Appleby, 
1969;  Bums,  1981;  Allen,  1953).  Therefore  It  may  be  presumed  that  the 
effectiveness  of  gamma  radiation  towards  the  decomposition  of  TNT  and 
other  explosives  in  aqueous  solutions  may  be  primarily  due  to  the  attack 
of  hydroxyl  radicals  on  these  explosives. 

The  Radical  Initiated  Decomposition  of  Explosives  concept  is 
based  on  the  chemical  generation  of  hydroxyl  and  carbon-centered  radicals 
which  are  predicted  to  Initiate  the  decomposition  of  a  variety  of  explo¬ 
sives  In  various  building  materials.  Hydroxyl  radicals  mny  be  readily 
generated  at  ambient  temperatures  by  Fenton's  Reagent  which  consists  of  a 
homogeneous  solution  of  ferrous  salts  In  concentrated  aqueous  hydrogen 
peroxide  at  relatively  low  pH  (Vailing,  1974).  Hydroxyl  radicals  gen¬ 
erated  from  Fenton's  Reagent  have  been  shown  to  have  similar  relative  re¬ 
activities  towards  a  number  of  substrates  as  those  generated  in  the  gamma 
Irradiation  of  water  (Vailing,  1973)  which  suggests  that  the  efficiency  of 
explosives  decomposition  may  be  similar  to  that  achieved  with  ’wet"  gamma 


irradiation.  It  is  also  possible  that  a  greater  flux  of  hydroxyl  radicals 
will  be  generated  in  Fenton’s  Reagent  compared  to  either  the  gamma  ir¬ 
radiation  or  the  Ultraviolet  Radiation/Hydrogen  Peroxide/Acetone  systems 
which  are  known  to  effectively  initiate  the  decomposition  of  a  variety  of 
explosives.  It  is  also  feasible  to  generate  methyl  radicals,  which  are 
indicated  to  be  more  reactive  than  hydroxyl  radicals  (Andrews,  1976),  from 
Fenton’s  Reagent  by  employing  DMSO  as  a  cosolvent  (Walling,  1974). 
Alternate  methods  also  exist  to  chemically  generate  a  variety  of  poten¬ 
tially  active  radicals  (Bernardi,  1973).  One  of  the  main  advantages  of 
using  this  concept  over  the  Ultraviolet  Radiation/Hydrogen  Peroxide/ 
Acetone  reactant  system  for  building  decontamination  is  that  homogeneous 
chemical  reagent  systems  may  penetrate  into  the  building  material  matrix 
and  effect  internal  decontamination  which  is  not  possible  with  photolytlc 
processes. 

A  variation  of  this  concept  Involves  the  generation  of  carbon- 
based  radical  species  such  as  MketylsM  which  may  possibly  have  similar 
explosives  decontamination  effectiveness  as  methyl  intermediates  which  are 
usually  generated  by  reacting  alkalal  metals  (which  are  highly  flammable) 
with  various  ketones.  However,  a  recent  report  Indicates  that  potassium 
(a  very  reactive  alkalai  metal)  may  be  safely  deactivated  by  adsorption  on 
silica  gel  (Levy,  1981).  This  adsorbed  form  of  potassium  readily  produces 
a  blue  color  at  room  temperature  when  in  the  presence  of  ketones  which  is 
indicative  of  ketyl  formation.  Silica  gel  would  have  another  beneficial 
effect  by  facilitating  the  adsorption  of  the  deposited  explosives  into  the 
silica  gel-potassium  reactant  matrix.  If  ketyl s  react  in  the  same  manner 
as  methyl  radicals,  decomposition  of  explosives  via  the  generation  of 
these  reactive  intermediates  may  readily  occur.  However,  this  reactant 
system  would  be  limited  to  the  decontamination  of  surfaces  only  since  po¬ 
tassium  adsorbed  silica  gel  would  be  applied  as  a  slurry  which  could  not 
penetrate  the  surface. 

These  reactions  are  shown  below: 

•  Fenton’s  Reagent 
H202  +  Fe+2 - *  Fe+3  +  OH"  +  OH 

OH  +  HDX,  HMX,  TNT,  DNT  — ►  Unstable  Intermediates  - *  Small,  Gaseous 

Compounds 


•  Ketyl  Formation  0 

Potassium  (on  silica  gel)  +  RjCO  — *  R-C-R  (Ketyl) 


Ketyl  +  RDX,  HMX,  TNT,  HMX - ^Unstable  Intermediates 


Small,  Gaseous 
Compounds 


7, A. 4, 2.1  Criteria  Evaluation  Highlights 

The  Radical  Initiated  Decomposition  of  Explosives  concept  was 
evaluated  in  terms  of  the  merits  of  Fenton's  Reagent  rather  than  the  ketyl 
system.  The  former  rated  better  than  the  latter  in  Mass  Transfer,  De¬ 
struction  Efficiency,  Safety,  Penetration  Depth,  Operating  Costs,  Capital 
Costs,  and  Haste  Treatment  Costs.  The  use  of  organic  cosolvents,  surfac¬ 
tants,  or  complexlng  agents  to  solubilize  explosives  in  the  aqueous 
Fenton's  Reagent  was  assumed  in  evaluating  this  concept. 


7,4.4. 1.3  Applicable  Explosives 

The  Ultraviolet  Radiation/Hydrogen  Peroxide/ Acetone  concept  is 
applicable  to  nltroaromatlc  (TNT,  DNT)  and  nltramlne  (RDX,  HMX)  explo¬ 
sives.  Therefore  hydroxyl  or  carbon-based  radicals  generated  chemically 
are  predicted  to  be  applicable  not  only  to  these  explosives  but  possibly 
also  to  Tetryl  (a  nltroaromatlc)  and  NQ  (a  nltramlne).  The  use  of  organic 
cosolvents  or  surfactants  in  Fenton's  reaction  would  allow  the  effective 
dissolution  of  most  explosives  to  allow  their  chemical  reaction. 


7. 4. 4. 2  Base  Initiated  Decomposition  of  Explosives 
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(Clear,  1945;  Beck,  1978);  Nitrocellulose  (Dogliottl,  1974;  Clear,  1945; 
Ottlnger,  1973),  nltroguanldlne  (Okaraoto,  1978;  Smith  1982)  and  lead  azide 
(Clear,  1945).  The  literature  Is  not  complete  concerning  TNT  but  the 
available  data  does  suggest  that  TNT  may  be  decomposed  under  basic  condi¬ 
tions  since  nitrite  Ion  has  been  detected  under  these  conditions 
(Hammersley,  1975).  RDX,  HMX,  NG,  NC  and  NO  are  known  to  decompose  to 
volatile  gases  and/or  low  molecular  weight  and  non-toxic  products  (See 
Concept  Description  Form  in  Appendix  III).  TNT  and  DNT  are  presumed  to 
undergo  nitro  group  displacement  by  hydroxide  ion  to  give  mixtures  of 
non-explosive  nitrophenols.  These  reactions  are  shown  below: 

RDX,  HMX  4HC.CH20,  N20,  NHj,  N2,  HC02“ 

NG  HHi  CH2C02 ,  HC02,  NO3,  N02” 

NC  org.  acids,  NO3,  N02,  N0X,  C0X,  cyanides 
NQ  HEi  N20,  C02,  NH3 
ArN02  (TNT,  DNT)  -CJ~>  ArOH 
Pb(N3)2  Pb(0H)2  +  N3- 

The  reaction  r.-.tes  of  these  decomposition  reactions  are  In  gen- 
eral  of  such  magnitude  that  effective  decontamination  of  a  variety  of  ex¬ 
plosives  may  be  achieved  in  relatively  short  times  under  conditions  which 
are  described  below:  RDX  has  been  estimated  (by  Battel le)  to  undergo  99*9 
percent  decomposition  in  aqueous  solutions  containing  micellar  catalysts 
at  pH  10  and  75  C  in  approximately  1*3  hours  (Croce,  1979)*  A  nitrocell¬ 
ulose  dispersion  (5  percent)  containing  five  percent  sodium  hydroxide  un¬ 
derwent  complete  decomposition  at  60  C  in  0.23  minutes  (Kenyon,  1936). 
Also,  a  two  percent  solution  of  DNT  in  a  four  percent  solution  of  sodium 


hydroxide  In  75  percent  aqueous  ethanol  led  to  assumed  complete  decompo¬ 
sition  at  45  C  within  approximately  15  minutes  after  addition  of  the  DNT 
(Clear,  1945). 

The  basic  hydrolysis  rates  of  RDX,  HMX,  and  NC  have  been  re¬ 
ported  to  Increase  significantly  In  the  presence  of  long  chain  quaternary 
ammonium  halide  type  surfactants  (Croce,  1979;  Okamoto,  1979).  These  in¬ 
creased  rates  are  attributed  to  a  micellar  catalytic  effect  but  also  may 
be  caused  by  potential  solubilization  of  these  explosives  by  these  sur¬ 
factants.  These  long  chain  quaternary  surfactants  are  also  known  to  cause 
precipitation  of  the  TNT  Janovsky  complex  which  Is  formed  under  basic 
conditions  (Okamoto,  1979)  which  precludes  the  use  of  these  specific  sur¬ 
factants  with  TNT.  However  It  Is  quite  feasible  that  suitable  quaternary 
ammonium  (or  other)  surfactants  can  be  employed  which  will  help  to  solu¬ 
bilize  TNT  and  other  nitroaromatlc  explosives  and  also  catalyze  the  basic 
Initiated  denitration  of  these  explosives. 

One  Interesting  variation  of  Base  Initiated  Decomposition  of 
Explosives  involves  the  application  of  a  molten  (80-100  C)  waxy  carrier 
containing  potassium  hydroxide  as  the  decontaminant.  This  system  has  been 
reported  to  Initiate  ’Instantaneous"  decomposition  of  RDX  and  pentaery- 
thrltol  tetranltrate  (Pytlewskl,  1979).  A  separate  description  form  is 
Included  In  this  report  entitled  Decomposition  of  Explosives  With  Molten 
Reactant  Systems  which  describes  this  concept. 

Another  variation  In  the  basic  decomposition  of  explosives  in¬ 
volves  the  use  of  a  DS2,  a  reactant  system  currently  used  to  decontaminate 
nerve  agents.  DS2  (a  solution  of  702  diethylenetrlamlne,  282  ethylene 
glycol  monomethyl  ether  and  22  sodium  hydroxide)  contains  the  "superbaslc" 
hydroxide  Ion  as  a  result  of  the  lack  of  complexatlon  of  the  hydroxide  by 
sodium  cation.  The  high  basicity  and  expected  high  solvating  power  of  DS2 
should  make  It  extremely  applicable  for  the  decomposition  of  a  variety  of 
explosives.  The  same  reaction  products  should  be  generated  In  DS2  as  In 
aqueous  basic  reagents  but  the  reaction  rates  are  expected  to  be  signifi¬ 
cantly  higher  In  DS2.  The  relatively  low  viscosity  and  surface  tension  of 
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this  system  would  probably  allow  an  increased  degree  of  diffusion  into  the 
building  matrix  which  would  lead  to  enhanced  internal  decomposition  of 
explosives.  A  significant  problem  involved  in  Che  use  of  DS2  is  its  high 
flammability  which  may  however  be  effectively  controlled  by  spraying  on  as 
a  gel  or  foam.  A  separate  description  form  entitled  “Decomposition  of 
Explosives  With  DS2"  describes  this  concept. 

Another  variation  in  the  hydroxide  ion  initiated  nucleophilic 
displacement  of  nltro  functions  of  aromatic  explosives  (TNT,  DNT  and 
Tetryl)  is  the  use  of  thiolates  as  the  reactive  basic  (nucleophilic)  re¬ 
agents  (Benedettl,  1982;  Cogolll,  1979).  Thiolate  ions  are  significantly 
more  reactive  than  hydroxide  ion  and  may  displace  nitro  functions  in 
aromatic  explosives  much  more  rapidly  than  hydroxide  ion.  A  separate 
description  form  entitled  "Nucleophilic  Displacement  of  Nitro  Group  in 
Aromatic  Explosives"  describes  this  concept. 

7. 4. 4. 2. 2  Criteria  Evaluation  Highlights 

This  concept  was  evaluated  in  terms  of  the  merits  of  aqueous 
basic  solutions  rather  than  any  variation.  The  use  of  organic  cosolvents, 
surfactants,  or  complexlng  agents  to  solubilize  explosives  was  assumed  in 
evaluating  this  concept.  This  concept  received  a  -1  rating  in  Safety  due 
to  the  eye  and  breathing  hazards  involved  in  spraying  caustic  solutions. 
This  concept  scored  high  in  Hass  Transfer,  Destruction  Efficiency,  Damage 
to  Building,  Applicability  to  Complex  Surfaces,  Operating  Costs  and 
Capital  Costs. 

7. 4. 4. 2. 3  Applicable  Explosives 


Firm  documentation  indicates  that  RDX,  HMX,  nitroglycerine,  and 
nitrocellulose  are  effectively  decomposed  in  basic  solutions.  However, 
decomposition  of  nltroguanldlne  under  basic  conditions  is  indicated  by  one 
study  (Okamoto,  1978)  but  another  study  indicates  that  nltroguanldlne  does 
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not  decompose  In  basic  solutions  (Smith,  1982).  A  Standard  Operating 
Procedure  for  the  decontamination  of  waste  DNT  Involves  treatment  with 
aqueous  ethanollc  sodium  hydroxide  (Clear,  1945).  The  products  were  not 
specified  but  presumably  nltrophenols  were  formed  through  nltro  group 
displacement  by  hydroxide  Ion  (Beck,  1978).  TNT  and  Tetryl  would  be  pre¬ 
dicted  to  be  more  susceptible  to  nucleophilic  attach  by  hydroxide  than  DNT 
and  are  therefore  presumed  to  be  denitrated  by  basic  treatment  also. 

7.4. 4. 3  Sulfur  Based  Reduction  of  Explosives 


7. 4. 4. 3.1  General  Description 

A  large  variety  of  explosives  may  be  effectively  reduced  by  em¬ 
ploying  sulfide,  hydrosulfide,  ot  sulfite  reducing. agents.  Nitroglycerine 
and  nitrocellulose  yield  glycerine  and  cellnloae:  respectively-  aa  well  as 
volatile  gases  (Urbanskl,  1964)  On  the  other  hand;  TNT  and.  presumably- 
Tetryl  and  DNT  give  aromatic  amines  which  may  be  presumed  to:  be-  toxic, 
when  reduced  with  these  reagents  (Raya,  lWfcr  Clean,  1945p;Drbanalci,  1964; 
Army  Tech,  manual  Military  Explosives).  RDC,  SET  and  nltn^uanldlne  are 
also  known  to  readily  react  with  these  redadnyi  e^  in  u.m-preafably 
yield  hydrazine  (hydraxlde.  is  the  case  of  nlrrngmanfif  nr)  -derivatives 
(Private  Communication) .  These  reactions  are  shown  below: 


NG  »  glycerol"  +  NHj 


Na’-jS-or 

RDX’  "TC-TS&O,*  -N'NH2 


ceTlulQse-*-NO„  +■  H,S  +  'N0r  ,  Na2-Sor  non-explosive; 

a2s  '  L  ifitryi  >  .water  soluble-products 

CHh  1B2?,03 


Na,S  MH; 
z  -Ni 


CH 

p 

NH~-C-NHNH. 


These  reduction  rates  In  general  are  quite  rapid  even  at  room 
temperatures  under  a  variety  of  conditions  which  are  illustrated  below. 

An  82  aqueous  dispersion  of  nitroglycerine  containing  152  sodium  sulfide 
hydrate  at  room  temperature  was  completely  decomposed  in  several  hours 
(Clear,  1945).  Caution  must  be  exercised  when  decontaminating  nitroglyc¬ 
erine  by  this  procedure  due  to  the  potentially  dangerous  temperature  in¬ 


crease  generated  by  this  reaction  (Ottlnger,  1973).  A  0.62  solution  of 
nitrocellulose  in  a  water/ethanol  solution  (40:60)  containing  42  potassium 
hydrosulfide  achieved  99!  reduction  in  4  hours  at  20  C  (Rassow,  1924).  A 
0.012  aqueous  solution  of  nltroguanldlne  at  pH  11  containing  0.12  sodium 
sulfide  achieved  complete  decomposition  in  approximately  32  hours  (Smith, 
1982). 

The  odoriferous  nature  of  the  sulfur  containing  reductants  and 
their  reaction  products  requires  that  secondary  treatment(s)  will  probably 
be  necessary  to  reduce  the  level  of  these  compounds  to  an  acceptable  level 
after  decontamination  of  the  building  has  been  performed.  Potential  rea¬ 
gents  for  this  secondary  treatment  are  hydrogen  peroxide  and  percarboxyl lc 
adds. 

7. 4.4. 3. 2  Criteria  Evaluation  Highlights 

This  concept  received  a  -1  rating  in  Safety  due  to  the  danger 
Inherent  lc  spraying  sulfur  based  reagents  at  elevated  pH's.  However, 
this  concept  scored  high  In  Hass  Transfer,  destruction  Efficiency,  Ap¬ 
plicability  to  Complex  Surfaces  and  Capital  Costs.  Operating  And  Haste 
Treatment  were  given  +1  ratings  because  of  the  need  to  remove  or  convert 
sulfur  based  reagents  or  by  products  and  to  dispose  of  sulfur  containing 
waste  products. 


7. 4. 4. 3. 3  Applicable  Explosives 


Nitroglycerine,  nitrocellulose,  nltrcgvasxidlne,  TNT,  Tetryl,  RDX 
and  HHX  are  known  to  undergo  decomposition  witlb  these  reductant  systems. 
However  the  products  formed  from  nltroguanidtne,  Tetryl,  RDX  and  MC  have 
not  been  specified.  Furthermore,  the  redaction  efficiency  of  SU  and.  HMX 
Is  not  known  with  certainty  since  this  information  was  verbally  acquired 
from  an  employee  of  an  explosives  processing  company. 


7. 4. 4. 4  Decomposition  Of  explosives  by  Seduction  With  Sodium  BorohydrUfc 


7. 4. 4.4.1  General  Description 


Sodium  borohydrlde  Is  a  "clean"  reducing  ageac  In  cmmparisonto 
sulfur  based  reductants,  and  has  similar  reductive -pomer  and  scope? of 
applicable  explosives  as  the  sulfur  based  reductants.  Thus  Mamdary- 
treatments  would  not  be  necessary  with  this -reagent,  as  is  the  case  with 
sulfur  based  reductants,  to  remove  noxious  compounds.  However.  reductions 
with  sulfur  based  reductants  has; been  documented  with  a  wider  -orange  of 
explosives  than  sodium  borohydrlde.  Sodium  borohydrlde  may  be-  used  in 
aqueous  solution  but  will  slowly  decompose  with  the-evoludon  of  hydrogen. 
One  negative  aspect  in  the  use  of  sodium  borohydrlde? for -reducing  aro¬ 
matic  explosives  is  that  cobalt  (Co+3)  salts  mustibe1 employed? as  cata¬ 
lysts  to  accomplish  nltro  group ^reduction  (Vlcek,  1961).  DNT  was  re¬ 
ported  to  given  aromatic  amines  or  hydroxyl  amines  with  this: reductant 
system.  The  disposal  of  these  cobalt  salts  may  r equi re? ape cl f i c  disposal 
requirements. 

The  decomposition  times  and  reaction  conditions  of  a  number  of 
reductions  are  described  below.  RDX  solutions  (1  percent)  In  various  or¬ 
ganic  solvents  have  been  completely  reduced  by  sodium  borohydrlde  to  give 
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hydrazine  derivatives  (presumed)  In  24  hours  at  38  C  (Tulls,  1977). 
Quantitative  denitration  of  nitrocellulose  In  acetone  solutions  was 
achieved  In  an  unspecified  time  period  (Masuelll,  1954).  Complete 
reduction  of  2,4-DNT  was  achieved  within  10-30  minutes  in  aqueous  solutions 
at  room  temperature  with  DNT/Cobalt  Catalyst  molar  ratios  of  10:1  (Vlcek, 
1961). 


7. 4. 4. 4. 2  Criteria  Evaluation  Highlights 

The  use  of  organic  cosolvents,  surfactants  or  complexlng  agents 
to  solubilize  explosives  was  assumed  In  evaluating  this  concept.  This 
concept  received  a  +1  rating  in  Safety  due  to  the  minimum  hazards  Involved 
in  handling  aqueous  or  organic  solutions  of  sodium  borohydrlde.  This 
concept  scored  high  In  Hass  Transfer,  Destruction  Efficiency,  Damage  to 
Building,  Applicability  to  Complex  Surfaces,  Operating  costs  and  Capital 
Costs.  A  -1  score  was  achieved  In  the  Wasi.9  Treatment  Costs  criterion 
since  Incineration  or  Hazardous  Landfills  was  assumed  to  be  necessary  to 
accommodate  the  disposal  of  cobalt. 

7. 4. 4. 4. 3  Applicable  Explosives 

Examples  of  nltramlnes  (RDX),  nltroaromatlcs  (DNT),  and  nitrate 
esters  (NC)  explosives  have  been  shown  to  undergo  decomposition  with  sod¬ 
ium  borohydrlde.  Thus  it  is  possible  that  other  explosives  of  these  types 
may  also  be  decomposed  with  sodium  borohydrlde.  Nltramlnes  may  be  ex¬ 
pected  to  give  hydrazines,  nltroaromatlcs  will  give  potentially  toxic 
aromatic  amines,  and  nitrate  esters  to  known  to  be  denltrated  to  alcohols. 
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7. 4. 4. 5  Reductive  Cleavage  of  Explosives 
7. 4. 4. 5.1  General  Description 


A  recently  developed  analytical  method  for  the  detection  of 
microgram  quantities  of  RDX  and  pentaerythrltol  tetranltrate  (PETN)  uti¬ 
lizes  the  reaction  of  these  explosives  with  a  suspension  of  zinc  dust  In 
an  aromatic  solvent  (Wyant,  1977).  This  reaction  functions  by  displacing 
nitrite  Ions  from  the  explosives  which  are  subsequently  detected  by  a  spot 
test.  Such  a  displacement  reaction  mould  serve  to  decontaminate  all  ex¬ 
plosives  which  were  prone  to  such  reductive  cleavage  reactions.  This  re¬ 
action  occurs  rapidly  at  room  temperature  (rate  data  Is  not  available)  and 
presumable  In  organic  solvents  which  will  readily  dissolve  and  promote  the 
reaction  of  a  variety  of  explosives. 

This  heterogeneous  reaction  system  would  be  applicable  only  to 
surface  decontamination  due  to  the  predicted  lack  or  migration  of  zinc 
into  the  building  material  matrix. 

7. 4. 4. 5. 2  Criteria  Evaluation  Highlights 

This  concept  received  a  +2  In  Hass  Transfer  since  the  organic 
solvents  should  readily  dissolve  a  variety  of  explosives.  The  maintenance 
of  a  uniform  zinc  slurry  on  a  vertical  surface  could  be  a  problem  which 
could  be  alleviated  by  the  use  of  a  gel.  A  score  of  -2  was  achieved  In 
the  Penetration  Depth  criteria  since  this  concept  is  a  surface  only  de¬ 
contamination  procedure.  A  score  of  -1  was  achieved  In  the  Safety  cri¬ 
teria  since  a  breathing  mask  would  probably  be  required  when  dispensing 
specific  organic  solvents.  High  scores  were  achieved  In  applicability  to 
Complex  Surfaces,  Operating  Costs  and  Capital  costs. 


7. 4. 4. 5. 3  Applicable  Explosives 


The  available  literature  (Wyant,  1977)  indicates  that  this  re¬ 
action  is  applicable  to  RDX  (a  nitramine)  and  PETN  (a  nitrate  ester). 
Therefore,  this  concept  is  presumed  to  be  applicable  to  other  nltramines 
such  as  HMX  and  nltrcguanldlne  and  nitrate  esters  such  as  nitroglycerine 
and  possibly  nitrocellulose  (de-polymerisation  must  first  occur  before 
decomposition  could  proceed).  The  applicability  of  this  reaction  to 
nitroaromatlcs  such  as  TNT,  DNT  and  Tetryl  is  not  known  and  thus  would 
require  experimental  valldificatlon. 

7.4.S  Description  of  Less  Promisine  Chemical  Concepts 


Those  concepts  with  total  rating  scores  of  8  or  less  were  not 
recommended  for  experimental  verification  at  this  time.  A  number  of  these 
less  promising  chemical  concepts  ranked  high  in  Hass  Transfer  and  De¬ 
struction  efficiency  but  had  specific  applicabilities  to  only  one  or  sev¬ 
eral  explosives.  The  most  important  advantages  and  disadvantages  of  these 
concepts  have  already  been  presented.  Overviews  of  these  concepts  are 
presented  in  the  following  descriptions  and  some  explanations  of  the  rat¬ 
ing  scores  achieved  are  presented.  Special  notice  are  made  of  those  con¬ 
cepts  that  are  adaptable  to  situations  other  than  those  found  in  building 
decontamination  such  as  the  safe  decontamination  of  bulk  explosives. 

7. 4. 5.1  Microbial  Degradation 


This  concept  received  an  overall  ranking  of  10  but  received  only 
a  +1  in  both  the  Hass  Transfer  and  Destruction  Efficiency  criteria.  Var¬ 
ious  microbes  or  their  enzymes  have  been  shown  to  reduce  a  variety  of  ex¬ 
plosives  to  various  products.  However  a  serious  drawback  of  this  approach 
is  that  microbes,  in  general,  give  Incompletely  reduced  or  toxic  products. 
For  example,  nltroaromatlc  explosives  (to  our  knowledge)  have  not  been 
reduced  past  the  aromatic  amine  stage  by  some  microbes.  Carcinogenic 


Gamma  Radiation  and  Water  or  Acetone 


This  concept  received  a  +8  overall  ranking  and  a  +2  ranking  in 
both  the  Mass  Transfer  and  Destruction  Efficiency  criteria.  Gamma  irrad¬ 
iation  of  dry  TNT  and  RDX  leads  to  relatively  low  degrees  of  decomposition 
at  moderately  high  radiation  dosages  (Plazzl,  1965).  However,  gamma  ir¬ 
radiation  of  these  explosives  in  aqueous  solutions  or  wet  sediment  may 
lead  to  nearly  complete  explosive  decomposition  of  these  explosives 
(Wentsel,  1981).  Since  it  is  well  known  that  gamma  Irradiation  of  water 
produces  hydroxyl  radicals  (Appleby,  1969;  Burns,  1981;  Allen,  1953),  it 
may  be  presumed  that  the  effectiveness  of  TNT  and  RDX  decomposition  in 
aqueous  solution  by  gamma  radiation  may  be  partially  due  to  the  initia. 
attack  of  hydroxyl  radicals  on  these  explosives.  This  hypothesis  is  re¬ 
inforced  by  the  fact  that  TNT  and  RDX  in  aqueous  hydrogen  peroxide  or 
acetone  undergo  rapid  decomposition  when  exposed  to  ultraviolet  radiation 
(Andrews,  1976)  since  hydrogen  peroxide  and  acetone  are  known  to  generate 
hydroxyl  and  methyl  radicals  respectively  under  these  conditions.  There¬ 
fore  gamma  radiation,  coupled  with  water  or  acetone,  represents  a  conven¬ 
ient  source  of  reactive  radicals  which  may  be  able  to  initiate  decomposi¬ 
tions  of  a  variety  of  explosives  within  building  materials  due  to  the  high 
penetrating  power  of  the  gamma  radiation.  However,  this  concept  involving 
gamma  radiation  was  not  chosen  for  Phase  TWo  evaluation  because  the  chem¬ 
ical  generation  of  hydroxyl  radicals  and  subsequent  presumed  decomposition 
of  explonives  may  be  effected  in  a  safer  and  less  expensive  manner.  Fur¬ 
thermore  the  nigh  penetration  capacity  of  gamma  radiation  would  not  be 
fully  utilized  since  the  effective  depth  of  penetration  would  be  limited 


by  the  penetration  depth  of  the  additives  (water,  hydrogen  peroxide  or  acetone) 
which  may  be  required  for  effective  decontamination. 


7 ,4,5.3  Decomposition  of  Explosives  Using  Ultraviolet 
Light  and  Hydrogen  Peroxide  or  Acetone 


This  concept  received  a  +7  overall  ranking  and  a  +2  ranking  in 
both  the  Mass  Transfer  and  Destruction  Efficiency  criteria.  This  concept 
is  based  on  a  patented  process  which  indicates  that  aqueous  solutions  of 
RDX,  KMX,  TNT  and  DNT  containing  either  hydrogen  peroxide  or  acetone  are 
decomposed  by  ultraviolet  irradiation  (Andrews,  1976),  This  process  sup-* 
posedly  involves  the  generation  of  hydroxyl  or  methyl  radicals  which  are 
the  reactive  species  involved  in  the  decomposition  of  the  explosives. 

These  hypothesized  pathways  represent  the  basis  for  the  concept  Radical 
Initiated  Decomposition  of  Explosives  which  involves  the  chemical  forma¬ 
tion  of  either  hydroxyl  or  carbon  based  radicals  which  is  recommended  for 
Phase  Two  testing.  The  same  chemistry  is  presumed  to  be  operative  in  both 
concepts.  However,  the  concept  based  on  ultraviolet  radiation  would  apply 
only  to  decontamination  of  surfaces  which  were  in  the  line  of  sight  of  the 
ultraviolet  lamp  and  which  had  been  pretreated  with  hydrogen  peroxide  or 
acetone.  By  comparison,  the  concept  Radical  Initiated  Decomposition  of 
Explosives  will  Involve  the  chemical  generation  of  hydroxyl  and  methyl 
radicals  either  within  a  building  material's  matrix  or  on  the  material 
surface.  Therefore  this  letter  concept  was  chosen  for  Phase  TWo  testing, 

7, 4. 5. 4  Decomposition  of  TNT  With  Reactive 
Amines  and  Acetone  or  Acetonitrile 


This  concept  received  a  +7  overall  ranking,  a  +2  rating  in  Mass 
Transfer  and  a  +1  ranking  in  Destruction  Efficiency  because  it  was  sus¬ 
pected  that  the  reaction  products  from  TNT  were  toxic.  This  approach  has 


been  used  very  effectively  for  the  safe  and  complete  decontamination  of 
cast  TNT  in  amounts  ranging  from  2g  to  10  pounds  within  a  30  minute  reac¬ 
tion  period  (Heberlein,  1976;  Keith,  1974),  The  nature  of  the  reaction 
products  from  TNT  have  not  been  determined  but  may  parallel  those  obtained 
from  the  reaction  of  trinitrobenzene  with  diethylamlne  and  acetone  which 
gives  a  variety  of  nitrated  aromatic  and  aliphatic  nltro  compounds 
(Strause,  1970)*  This  concept  received  a  -2  score  in  the  Safety  criteria 
since  the  reactive  amine  (isopropylamine)  and  alternate  coreactants  (ace¬ 
tone  or  acetonitrile)  which  have  been  previously  studied  are  all  highly 
flammable.  It  is  possible  that  less  flammable  reactants  of  approximate 
equal  reactivities  may  be  employed.  The  reaction  of  TNT  with  reactive 
amines  alone  and  with  amine,  water  mixtures  has  also  been  shown  to  Induce 
decomposition  of  TNT  by  a  hypergolic  reaction  (Tulls,  1974)  in  which  total 
destruction  of  TNT  was  claimed. 

The  applicability  of  this  approach  to  other  explosives  has  not 
been  reported  although  a  brief  reference  in  the  literature  indicated  that 
the  solubility  of  RDX  relative  to  TNT  is  not  as  high  as  desired  for  ef¬ 
fective  decomposition.  A  thorough  study  of  the  applicability  of  this 
effective  TNT  decontaminating  concept  towards  a  range  of  explosives  may  be 
warranted.  Only  after  the  reaction  effectiveness  and  nature  of  products 
from  all  explosives  (as  well  as  TNT)  have  been  determined,  may  the  ap¬ 
plicability  of  this  approach  toward  building  decontamination  be  judged. 


7. 4. 5.5  Chromic  Add  Oxidation  of  Explosives 

This  concept  received  a  +4  overall  ranking  and  a  +2  rating  in 
the  Mass  Transfer  criteria  and  a  +2  rating  in  the  Destruction  Efficiency 
criteria.  This  concept  has  been  reported  to  be  very  effective  for  the 
total  decomposition  of  RDX  and  HMX  into  volatile  gases  (Jurecek,  1972). 

The  conditions  for  this  decontamination  of  RDX  and  HMX  were  not  reported. 
This  concept  ranked  low  In  the  Damage  to  Building  criteria  (-1)  due  to  the 
expected  etching  and  erosion  of  concrete  and  the  potential  damage  to 
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electrical  systems.  This  concept  also  ranked  low  in  the  Waste  Treatment 
Cost  criteria  due  to  the  costs  involved  in  disposal  of  chromium  In  various 
oxidation  states. 

This  concept  could  have  direct  applicability  towards  the  decon¬ 
tamination  of  bulk  quantities  of  RDX  and  HHX.  The  nltramlnc  nitroguani- 
dine  may  also  be  a  candidate  for  decontamination  by  this  concept*  The 
oxidation  of  TNT  and  DNT  to  nitrocarboxyl  ic  acids  is  also  effected  by 
chromic  acid  (Kaye,  1980).  However  these  nirocarboyxlic  acid  may  be  toxic 
even  though  they  presumably  have  a  lowered  explosivity.  Lead  styphanate 
will  form  a  precipitate  of  lead  chromate  (and  a  solution  of  styphnic  acid) 
which  effectively  deactivates  this  primary  explosive  (US  Army,  1971). 

7 .4 .5. 6  Reduction  of  Explosives 


With  Active  Metal 3  and  Acid 

This  concept  received  a  +2  overall  score  and  a  -1  Mass  Transfer 
rating  and  a  +1  Destruction  Efficiency  rating.  This  concept  involves  the 
addition  of  active  metals  dusts  (zinc,  tin  or  iron)  to  a  material  surface 
followed  by  ^plication  of  an  acid  such  as  hydrochloric  acid*  Therefore 
this  reaction  Involves  a  heterogeneous  system  which  would  have  a  minimal 
effective  penetration  depth.  The  reaction  usually  requires  the  control  of 
an  exotherm  (in  the  case  of  nltroaromatlcs)  and  Is  then  usually  followed 
by  a  heating  period.  This  concept  ranked  low  In  the  Damage  to  Building 
criteria  (-1)  due  to  the  nigh  acidity  of  the  reaction  system. 

TNT  Is  known  to  react  with  tin  and  hydrochloric  acid  to  form 
2,4,6-triaminatoluene  (Kaye,  1989).  Since  this  product  is  an  aromatic 
amine,  it  is  probably  toxic.  DNT  is  probably  reduced  to  the  corresponding 
di amino toluene  by  this  reagent  system.  These  acid  initiated  reductions 
may  be  feasible  with  various  nitraaines  and  nitrate  esters.  However  the 
reduction  of  nltroaromatlcs,  nltramlnes  and  nitrate  esters  may  be  more 
readily  performed  with  sulfur  based  reductants  or  sodium  borohydrlde  in 
homogeneous  and  neutral  or  basic  reaction  systems  at  room  temperatures. 


7.4.5.7  Oxidation  Of  Explosives  With  Ozone 


This  concept  received  a  -3  overall  score  and  +i  score  in  both 
the  Mass  Transfer  and  Destruction  Efficiency  criteria.  Ozone  by  itself 
has  a  marginal  effect  on  the  decomposition  of  RDX,  HMX  and  TNT  (Smetana, 
1977;  Roth,  1979).  The  preferred  process  for  performing  this  concept 
would  involve  filling  a  room  (building),  which  had  been  saturated  with  an 
explosives  solubilizing  solvent,  with  gaseous  ozone  and  applying  UV  radi¬ 
ation.  This  process  would  lead  only  to  surface  decontamination  only. 

This  approach  achieved  a  poor  rating  in  the  Safety,  Damage  to  Building, 
Penetration  Depth,  Applicability  to  Complex  Surfaces  and  Operating  Costs 
criteria  primarily  because  of  the  high  toxicity  and  corrosiveness  of 
ozone. 


7. 4. 5. 8  Reversible  Reduction  of  DNT^s  With  Ascorbate 

This  concept  received  a  -2  rating  in  the  Destruction  Efficiency 
criteria  and  therefore  failed  to  pass  the  Critical  Chemical  Process  Re¬ 
quirements.  This  rating  was  achieved  because  this  concept  was  applicable 
to  all  DNT  isomers  except  2,4-  and  2,6-DNT  which  constitute  98  percent  of 
commercial  DNT. 

7. 4. 5. 9  Solid  State  Hydrogenation  of  Explosives 

This  concept  received  a  -2  in  the  Destruction  Efficiency  cri¬ 
teria  and  therefore  failed  to  pass  the  Critical  Chemical  Process  Require¬ 
ments.  This  concept  Involved  the  initial  deposition  of  nickel  (a  hydro¬ 
genation  catalyst)  In  the  interior  matrix  of  a  building  material  by  first 
saturating  the  material  with  nickel  carbonyl  and  then  heating  the  material 
to  deposit  the  nickel*  Then  hydrogen,  or  a  mixture  of  carbon  monoxide  and 
hydrogen  sulfide  (Ratcliff,  1980),  would  be  employed  to  reduce  various 
explosives  in  situ*  The  -2  Destruction  Efficiency  rating  was  assigned 
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because  Che  nickel  film  was  expected  Co  cover  Che  explosives  which  would 
thereby  prevenc  Chelr  conCacC  ulch  Che  reducCanC  gas.  This  concepC  was 
noc  ranked  under  Che  full  preliminary  ranking  procedure  buC  would  have 
received  very  low  racings  under  Satecy,  Operaring  Coses  and  CapiCal  Coses 
due  Co  Che  high  CoxlclCies  and  explosivicies  of  nickel  carbonyl,  carbon 
fonoxide  and  hydrogen  sulfide  as  well  as  Che  explosivicy  of  hydrogen  gas. 

7,4.6  CombinaCion  Chemical  ConcepCs 

Several  chemical  concepcs  were  developed  which  would  have  util- 
icy  only  coupled  wieh  elcher  rhermolysis,  solvent  excraccion,  or  decompo¬ 
sition  procedures.  These  chemical  concepts,  which  are  termed  combination 
concepts,  are  briefly  described  below.  Complete  description  forms  of 
these  concepcs  are  contained  in  Appendix  III. 

7.4. 6.1  Deactivation  Of  Explosives  During 
Thermolysis  by  Radical  Trapping 

The  initial  reaction  steps  in  the  detonation  sequence  and  also 
during  the  thermolysis  of  explosives  involve  the  formation  of  various 
radicals.  It  is  proposed  that  sensitive  explosives  such  as  nitroglycerine 
may  be  soaked  with  appropriate  radical  traps  which  will  intercept  various 
propogating  radicals  formed  during  the  thermolysis  of  these  explosives. 

The  presence  of  these  radical  trapping  agents  may  allow  the  safe  thermo¬ 
lysis  of  thermally  sensitive  explosive  compounds. 

7„4. 6. 2  Solubilization  and  Inerting  of 
Explosives  Through  Complex  Formation 

A  significant  problem  in  the  chemical  decomposition  of  most  ex¬ 
plosives  is  that  the  explosives  have  limited  solubilities  in  aqueous  so¬ 
lutions.  Four  of  the  five  decontamination  methods  recommended  for  Phase 
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II  experimental  verification  used  water  as  the  preferred  or  common  sol¬ 
vent.  Explosives  are  known  to  form  a  variety  of  stable  and  isolatable 
complexes  with  various  complexing  agents.  If  highly  water  soluble  cora- 
plexing  agents  are  utilized,  aqueous  solubilities  of  explosives  should  be 
significantly  increased  by  complex  formation.  The  solubilized  explosive 
complex  could  then  be  readily  removed  by  washing  or  continued  extraction 
or  decomposed  by  a  variety  of  decontamination  agents.  Complexing  agents 
may  also  be  used  with  organic  solvents  to  enhance  the  solubilities  of  ex¬ 
plosives  in  these  solvents.  It  is  also  feasible  that  an  explosive  complex 
will  have  an  inherently  diminished  explosivity  compared  to  that  explosive 
itself. 

7. 4. 6. 3  Formation  of  Water  Soluble  Derivatives 
of  Explosives  Which  Have  Limited  Water  Solubility 

Derivitization  reactions  may  be  employed  to  convert  water  in¬ 
soluble  explosives  (specifically  TNT  or  DNT)  to  a  variety  of  water  soluble 
derivatives  which  will  permit  their  physical  extraction  or  decontamination 
in  solution.  These  derivitization  reactions  may  be  performed  either  in 
organic  or  aqueous  solvents  systems  which  could  contain  reagents  to  de¬ 
contaminate  the  solubilized  derivatives. 

7.4.7  Combination  Concepts  Evaluations 

Each  of  these  three  Combination  Chemical  Concepts  were  examined 
by  the  evaluation  committee  and  each  concept  was  judged  to  have  a  high 
potential  for  achieving  the  concept  objective.  These  concepts  were  not 
judged  in  terras  of  the  criteria  used  previously  for  decontamination  since 
explosives  decontamination  was  not  the  focus  of  these  concepts.  We  rec¬ 
ommend  that  the  Radical  Trapping  and  Complex-Solubilization  concepts  be 
experimentally  verified  in  the  Phase  II  studies  for  building  decontamina¬ 
tion.  The  derivitization  concept  was  not  chosen  because  the  overall  de¬ 
contamination  scenerio  would  involve  a  two  stage  rather  than  a  one  stage 

decontamination  operation.  Both  the  Complex-Solubilization  and  the  Water 
Soluble  Derivatives  concepts  could  be  applicable  to  other  explosives  de¬ 
contamination  targets  such  as  explosives  filled  lagoons. 
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7. A. 8  Chemical  Applications  Methods 


7, A. 8.1  Painting  Methods 

Liquid  spraying  is  Che  most  versatile  and  rapid  of  the  applica¬ 
tion  schemes.  A  discharge  stream  of  liquid  droplets  from  a  nozzle  or 
atomizer  wets  the  surface  with  liquid  decontamination  solutions  or  sol¬ 
vents.  Spraying  would  allow  the  decontaminating  solution  to  rapidly  cover 
simple  and  complex  although  the  coverage  may  not  be  uniform.  The  ability 
of  the  liquid  to  penetrate  into  porous  and  rough  surfaces  depends  on  the 
viscosity  and  surface  tension  of  the  applied  liquid.  The  penetration  of 
the  liquid  may  be  improved  with  a  high  velocity  spray. 

Spraying  is  a  relatively  safe  operation  except  when  executed 
under  high  pressure.  High  pressure  spraying  is  anticipated  to  cause  min¬ 
imal  damage  to  building  materials.  Spraying  utilizes  low  cost,  readily 
available  equipment  which  is  very  reliable  and  easy  to  maintain. 

Brush  and  roller  painting  are  techniques  which  have  relatively 
low  applicability  for  the  application  of  decontamination  solutions  because 
of  the  manual  nature  of  these  techniques. 

7. A. 8. 2  Wetting  Methods 

The  hose  application  method  is  essentially  a  low-pressure  spray 
system.  For  this  reason,  it  also  has  all  the  advantages  and  disadvantages 
of  the  spraying  technique,  however,  the  equipment  is  less  expensive  than 
spraying  equipment. 

The  continuous  liquid  flow  technique  is  dependent  on  the  liquid 
coming  out  of  a  perforated  hose  or  pipe  placed  at  the  top  of  the  surface. 
The  liquid  would  run  down  the  structure  and  react  with  the  contaminants. 
The  pipe  or  hose  would  be  mounted  on  the  structure  and  the  liquid  would  be 
applied  by  remote  control. 
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Very  rapid  coverage  would  be  obtained  using  this  approach  with  a 
minimal  labor  effort.  The  liquid  may  not  cover  all  the  surface,  espec¬ 
ially  in  the  porous  and  rough  areas.  Also,  application  in  intricate  areas 
can  be  cumbersome,  this  method  is  not  applicable  to  ceilings  or  other 
elevated  horizontal  structures  (pipes,  beams). 

The  flooding  application  technique  requires  filling  up  the 
structure  with  the  reactive  liquid,  letting  the  liquid  react,  and  then 
draining  it  for  waste  treatment  and  disposal.  Complete  wetting  of  the 
surface  would  be  obtained  with  this  technique  and  some  subsurface  decon¬ 
tamination  could  occur  because  the  hydrostatic  pressure  would  force  the 
reactive  liquid  into  the  pores  of  the  structure.  However,  this  method  hcs 
inherent  liabilities  in  that  it  is  only  applicable  to  structures  that  can 
withstand  the  high  pressures  generated  and  also  would  consume  large 
quantities  of  reagents.  The  applicability  of  this  concept  would  depend  on 
the  inherent  strength  of  the  structure  and  determination  of  problems  in¬ 
volved  in  completely  sealing  the  structure  openings. 

7. 4. 8. 3  Decontaminating  Paints 


The  decontaminating  solution  may  be  solubilized  in  high  concen¬ 
tration  in  a  paint  which  would  be  applied  to  contaminated  surfaces.  A 
paint  is  usually  composed  of  a  vehicle  (solvent),  binders,  pigments, 
thixotrophic  agents  (material  which  liquefies  upon  stirring  but  returns  to 
hardened  state  upon  standing),  and  drying  agents.  Since  drying  would  not 
be  desirable  when  used  to  apply  decontaminants,  the  paint  should  be  com¬ 
posed  of  a  mixture  of  the  decontaminating  solution,  polymeric  binders  and 
a  thixotrophic  agent.  The  binder  serves  to  increase  the  paint  viscosity 
while  the  thixotrophic  agent  would  help  develop  a  three  dimensional  net¬ 
work.  When  undisturbed,  the  paint  would  have  a  high  viscosity  and  stay  in 
place  after  it  had  been  applied.  However,  under  sheer  conditions  (spray¬ 
ing  or  brushing)  the  paint  would  have  a  reduced  viscosity  and  therefore 
attach  uniformly  to  the  wall.  The  paint  vehicle  could  be  either  water  or 
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a  polar  organic  solvent  which  solubilize  decontaminants.  The  solubilized 
de contaminants  would  migrate  from  the  paint  layer  into  the  building  ma¬ 
terial  to  cause  decontamination  of  agents.  The  following  are  some  com¬ 
mercial,  water-soluble  polymeric  binders  and  thixotrophic  agents  which  may 
be  used: 


Latices 


Acrylic  emulsions  such  as  Rhoplex  AC-1533,  AC  1062,  Experimental 
Emulsion  E-1561 

Vinyl  emulsions,  particularly  the  ones  having  vinyl  alcohol  as  a 
major  component 

Ethylene  acrylic  acid  or  ethylene  methacrylic  acid 
Copolymers  with  high  acrylic  acid  content 

Water-soluble  polymers 

Polyvinyl  pyrollidone  (W.  R.  Grace) 

Vinyl  ether  copolymers  (W.  R.  Grace) 

Polyacrylamide  (American  Cyanamld) 

Polymethacrylamide  (American  Cyanamld) 

Acrylic  acid  copolymers  such  as  Acrysol  WS-68  (Rohm  and  Haas) 
Styrene  maleric  anhydride  salts  (Scripsol  resins)  (Monsanto) 
Cellulose  derivatives  such  as  starch  and  modified  starch 
Jaguar  J2SI,  Jaguar  Plus,  Jaguar  800 
Polymer  705  D,  Starchan,  Starch  Dextrin 
(Stein  Hale  and  Company) 

Hydroxyethyl  cellulose  (Natrosol  250,  Hercules) 
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Thlxotrophlc  agents 

Carboxymethyl  cellulose 

Hydroxyethyl  cellulose 

Finely  divided  silica  such  as  Sylox  (W.  R.  Grace) 

Synthetic  colloids  such  as  Baker  Thixicin  R,  Thixicin  GR, 
Thixicin  E,  Carbopol  934,  940,  and  941 

7. 4. 8. 4  Absorbing  Layers  (Gels) 

A  number  of  polymeric  materials  have  the  ability  to  hold  many 
times  their  weight  in  water.  In  general  these  compounds  (hydrogels)  are 
highly  carboxylated  cellulose  and  acrylic  polymers  which  contain  cross- 
linking  functionality  to  maintain  their  mechanical  integrity  in  the  highly 
swollen  state.  Solutions  or  dispersions  of  these  polymers  may  be  sprayed 
on  the  contaminated  surface  and  allowed  to  dry.  The  aqueous  decontamina¬ 
tion  solution  would  be  applied  next.  Amounts  of  decontaminant  solutions 
on  the  order  of  360  grams  of  water  per  square  foot  of  surface  may  be  ab¬ 
sorbed  by  these  hydrogels,  e.g.  Waterlack  A-175  from  Grain  Processing 
Corp. ,  Iowa. 

A  crosslinked  (thermoset)  coating  would  be  applied  if  non- 
aqueous  -solvent  is  used  for  the  decontaminating  agent.  The  decontaminat¬ 
ing  agent  would  be  dissolved  in  a  solvent  which  has  high  swelling  ability 
towards  the  coating  resin. 

When  the  decontaminating  solutions  are  sprayed  over  the  absorb¬ 
ing  layer  they  would  be  held  in  place  and  allowed  to  diffuse  and  migrate 
Into  the  building  materials. 

7.4.8. 5  Cellular  Structures  (Foams) 


Polymeric  solutions  will  foam  and  form  a  cellular  coating  when 
sprayed  on  a  surface.  This  is  generally  performed  by  dissolving  volatile 


liquids  or  gases  In  the  polymeric  solutions  which  are  evolved  when  the 
spray  impacts  with  the  surface.  Polymeric  materials  which  may  be  used  for 
foams  are  hydroxymethyl  celluloses,  polyurethanes  and  urea-form  aldehyde 
resins.  By  choosing  the  appropriate  base  resin  (polymer),  foaming  agents 
and  surface  active  additives,  foams  can  be  produced  which  contain  closed 
or  open  (interconnecting)  cells  and  which  have  various  "skin"  thicknesses. 
The  ideal  foam  for  decontamination  purposes  would  have  open  cells  and  a 
thin  skin  (or  no  skin  at  all).  The  decontaminant  solution  could  be  mixed 
with  the  foaming  solution.  Alternatively,  the  decontaminating  solution 
could  be  applied  after  the  foam  had  already  been  sprayed  on  the  wall.  In 
either  sequence  the  open  cell  structure  would  be  filled  by  decontaminant 
solution  in  large  quantities.  The  decontaminating  solutions  would  be  able 
to  migrate  into  the  building  material. 

7. 4. 8. 6  Barriers 

Barriers  are  external,  impermeable  layers  which  will  prevent  the 
evaporation  of  liquid  decontaminants  or  solvent  into  the  building  envir¬ 
onment  and  thereby  will  direct  the  diffusion  of  decontamination  liquids 
into  the  building  matrix.  Barriers  will  be  particularly  useful  when 
heating  is  applied  to  increase  decontamination  rates  and  to  enhance  the 
internal  diffusion  of  the  reactant  system.  Barriers  may  be  applied  when 
reagents  are  applied  directly  as  liquid  films  or  are  incorporated  in  any 
of  the  various  retention  concepts  described  above.  Possible  barriers  in¬ 
clude  plastic  films  or  metal  foil  which  would  be  mechanically  attached. 
Spray-on  polymeric  backings  may  possibly  be  sprayed  directly  on  cellular 
foam  structures  to  form  an  effective  and  tightly  sealed  barrier. 

7. 4. 8.7  Post-Decontamination  Sealant  Treatments 


agents  potentially  present  in  the  material  matrix  after  the  heat  active 
decontamination  procedure  has  been  performed#  This  activated  coating  will 
trap  those  contaminants  which  migrate  from  the  structure  interior  to  the 
surface  long  after  decontamination  has  been  completed#  The  "new"  surface 
contaminants  would  then  be  absorbed  and  decomposed  upon  making  contact 
with  the  active  surface  coating. 

Decontamination  of  explosives  will  require  that  the  agents  are 
somewhat  soluble  in  the  specific  polymer  and  that  reactive  moieties  are 
present  to  initiate  decomposition. 

The  passive  treatment  coating  should  be  able  to  absorb  and  de¬ 
compose  any  agent  which  would  migrate  to  the  surface  and  should  contain 
sufficient  reactive  capacity  to  totally  decompose  the  explosives#  This 
coating  can  be  designed  to  adhere  to  the  surface  permanently  or  to  be  re¬ 
moved  at  a  later  time.  Removal  may  be  necessary  if  the  coating  is  being 
loaded  up  with  significant  amounts  of  explosives#  Studies  should  be  con¬ 
ducted  to  determine  the  most  appropriate  decontaminant  to  be  used  in 
coatings  for  specific  explosives# 

7.4# 8# 8  Removal  of  Liquids 


Three  potential  techniques  could  effectively  remove  used  decon¬ 
taminating  solutions  and  reaction  products  after  the  decontamination  re¬ 
action  is  completed#  Washing,  evaporation,  and  absorption  are  known 
techniques  for  the  removal  of  foreign  material  from  a  surface. 

Washing  can  be  performed  with  water,  aqueous  based  solvent  sys¬ 
tems  or  other  appropriate  solvents#  The  solvent  must  be  matched  with  the 
solubilities  of  the  decontamination  solutions# 

Evaporation  may  be  accomplished  with  radiation  or  convection 
heating.  The  heating  requirements  depend  on  the  heat  of  vaporization  of 
the  specific  reactive  liquid  and  its  boiling  point#  Natural  aeration 
could  also  be  used  for  evaporation  of  solvents  and  by-products  from  the 
structure#  Depending  on  the  nature  of  the  reaction  product  evaporation 
may  leave  undesirable  residues  of  nonvolatile  components  on  the  structure# 


Absorption  may  be  attained  by  using  absorbent  such  as  activated 
carbon,  silica  gel,  molecular  sieves,  sand,  charcoal,  foam  films  or  other 
polymeric  structure,  perlite,  creped  cellulose  wadding,  djatomaceus  or 
fullers  earth,  plastic  fibers,  and  porous  silica.  The  optimum  absorbent 
must  be  determined  for  the  reactive  liquid  used  for  the  treatment.  The 
absorbent  must  not  be  decomposed  by  the  chemicals  applied  or  the  products 
formed. 

7,5  DECONTAMINATION  CONCEPTS  WITH  SPECIFIC  APPLICABILITY 

The  evaluation  of  novel  decontamination  concepts  was  based 
mainly  on  the  potential  applicability  of  the  concept  to  effectively  de¬ 
contaminate  the  entire  building  and  its  contents  of  explosives.  Decon¬ 
tamination  concepts  that  have  applicability  to  a  limited  portion  of  the 
building  therefore,  tended  to  receive  poorer  ratings.  A  few  concepts  have 
been  identified,  however,  that  seem  to  be  very  well  suited  for  specific 
applications,  especially  in  situations  where  it  may  not  be  required  to 
decontaminate  an  entire  building  with  a  single  decontamination  method.  In 
particular,  the  following  concepts  have  definite  potential  for  specific 
applicability  for  decontamination  of  explosive  facilities:  Flashblasting, 
Electropolishing,  Supercritical  Fluids,  and  Ultrasound. 


7.5.1  Flashblasting 

Although  Flashblasting  is  only  effective  as  a  surface  treatment 
and  is  limited  mainly  to  flat  surfaces,  it  does  permit  rapid  paint  removal 
and  rapid  thermal  decomposition  of  surface  contaminants.  In  situations 
where  a  paint  coating  has  effectively  provided  a  penetration  barrier,  the 
contaminant  residues  would  be  confined  predominantly  to  the  surface. 

Under  these  conditions,  other  methods  of  paint  removal  may  be  less  desir¬ 
able  compared  with  Flashblasting  for  various  reasons.  Faint  stripping 
solvents  would  not  decompose  the  contaminants  contained  on  or  in  the  paint 
layer,  and  thus  a  secondary  decontamination  of  the  removed  paint  would  be 
necessary.  Also,  with  porous  materials  such  as  concrete  and  bricks,  the 


stripping  solvent  may  solubilize  surface  contaminants  and  carry  them  fur¬ 
ther  into  the  substrate.  Abrasive  removal  of  paint  layers  would  result  in 
large  volumes  of  removed  paint  and  spent  abrasive  requiring  further 
treatment.  Paint  removal  by  flaming  would  be  less  rapid  and  have  a  higher 
potential  for  thermal  damage  and  escape  of  volatiles  compared  with 
flashblasting. 

Thus,  for  painted  concrete  and  brick,  flashblasting  may  be  a 
particularly  promising  decontamination  technique. 

7.S.2  Electropolishing 


Electropolishing  has  applicability  to  unpainted  metal  surfaces 
only.  However,  within  this  constraint,  it  la  potentially  a  highly  effec¬ 
tive  technique.  Small  metal  objects,  such  as  tools,  equipment,  etc.,  can 
be  rapidly  decontaminated  by  remote  tank  Electropolishing.  This  method 
may  be  more  efficient  Chan  the  commonly  employed  thermal  decontamination 
procedure.  A  system  for  electropolishing  the  inside  of  pipes  has  been 
developed,  and  may  be  particularly  applicable  to  agent  contaminated  pipes 
where  heating  could  easily  result  in  escape  of  toxic  vapors. 

One  disadvantage  of  Electropolishing  Is  the  requirement  for 
purification  and  treatment  of  the  contaminated  electrolyte.  This  re¬ 
quirement  must  be  considered  when  comparing  Electropolishing  with  alter¬ 
nate  methods. 

7.5.3  Supercritical  Fluids 


The  main  disadvantage  In  the  use  of  Supercritical  Fluids  for 
decontamination  purposes  Is  that  the  material  to  be  decontaminated  must  be 
contained  in  a  pressure  vessel.  Although  It  Is  impractical  to  place  an 
entire  building  In  a  pressure  vessel.  It  may  be  practical  to  treat  smaller 
objects  in  this  manner.  Unlike  electropolishing  which  can  handle  metal 
objects  only.  Supercritical  Fluids  could  potentially  decontaminate  all 
building  materials.  Thus,  It  may  be  feasible  to  use  supercritical  fluids 
for  objects  made  of  metals,  wood,  plastics,  rubber  and  other  miscellaneous 
materials.  Another  advantage  In  the  use  of  supercritical  fluids  is  that 
purification  of  the  contaminated  fluid  entails  merely  reducing  the  pres¬ 
sure  and  allowing  contaminants  to  settle  out. 
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7.5.4  Ultrasound 

Ultrasound  tank  cleaning  has  potential  applicability  for  decon¬ 
tamination  of  snail  objects  and  equipment.  The  cleaning  action  would  be 
confined  primarily  to  the  surface,  however.  Specially  designed  hand-held 
ultrasonic  cleaners  could  be  employed  to  decontaminate  large  equipment 
such  as  steel  tanks.  Like  electropollshlng,  however,  an  added  requirement 
In  the  use  of  ultrasonic  decontaminating  'Is  the  purification  of  the  con¬ 
taminated  solvent. 

7.5.5  Reactive  Amines 

See  Section  7.4. 5.4  for  details. 

7.5.6  Chromic  Add 

See  Section  7. 4. 5. 5  for  details. 
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8.0  INERTING  OF  EXPLOSIVES  CONCEPTS 

8.1  INTR0D0CTI0N 

Another  objective  of  this  study  was  to  study  and  evaluate  po¬ 
tential  concepts  for  the  Inerting  of  explosives  In  contaminated  buildings. 
The  goal  of  Inerting  explosives  within  contaminated  buildings  was  to 
render  the  explosives  non-explosive  so  that  demolition  and  disposal  of 
these  buildings  could  be  safely  performed.  The  knowledge  gained  from  our 
site  surveys  also  Indicated  that  an  appropriate  Inerting  method  must  nec¬ 
essarily  have  minimal  potential  for  fire  Initiation  since  some  buildings 
targeted  for  demolition  were  located  close  to  operating  explosives  plants. 
In  considering  the  utility  of  various  concepts,  we  make  a  semantic  dis¬ 
tinction  between  the  Inerting  and  desensltlzatlon  potential  of  concepts 
towards  explosives:  Inerting  refers  to  converting  an  explosive  to  a  non- 
explosive  state  after  treatment;  desensltlzatlon  refers  to  reducing  the 
relative  exploslvlty  of  an  explosive  from  Its  original  magnitude  to  some 
lowered  (but  finite)  exploslvlty  as  measured  by  standard  exploslvlty 
testing  methods. 

He  have  Identified  and  evaluated  eight  concepts  which  may  result 
In  the  Inerting  or  desensltlzatlon  of  explosives.  One  of  these  concepts 
"Solubilization  and  Inerting  of  Explosives  Through  Complex  Formation"  has 
previously  been  described  and  evaluated  as  a  "Combination  Concept"  which 
also  has  utility  In  the  decontamination  of  explosives.  All  decontamina¬ 
tion  concepts  which  were  chosen  for  experimental  valldlflcatlon  in  Phase 
II  studies  will  also  be  considered  In  terms  of  their  Inerting  potential 
during  this  valldlflcatlon  studies. 

8.2  EVALUATION  OF  INERTING  CONCEPTS 


The  Inerting  criteria  scores  and  total  scores  that  each  concept 
received  are  shown  in  Table  28.  Total  scores  ranged  from  +10  to  +1  for 
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these  concepts  and  Inerting  Potential  criteria  scores  ranged  from  +2  to 
-2.  Those  five  candidate  concepts  which  had  total  scores  ranging  from  +10 
to  +3  were  judged  to  have  significant  merit  for  Inerting  explosives. 
However  two  of  these  concepts  were  not  recommended  at  this  time  since 
their  scope  of  applicability  In  each  case  was  limited  to  a  narrow  range  of 
explosives.  The  following  three  concepts  are  recommended  for  Phase  II 
experimental  verification: 

1)  Inerting  of  Explosives  By  Solubilization 

2)  Desensltlzatlon  of  Explosives  By  Hater  Treatment 

3)  Desensltlzatlon  of  Explosives  by  Steaming. 

These  inerting  and  desensltlzatlon  concepts  are  briefly  described  below. 
The  most  promising  concepts  are  variations  of  each  other  In  that  they  In¬ 
volve  various  degrees  of  solubilization  In  the  Inerting  process.  All  In¬ 
erting  and  desensltlzatlon  concepts  are  described  In  detail  in  Appendix 
III. 


8.3  DESCRIPTION  OF  INERTING  CONCEPTS 


This  concept  received  a  +10  overall  score  and  +2  ratings  In  both 
the  Mass  Transfer  and  Inerting  Potential  criteria.  This  concept  is  based 
on  the  well  known  fact  that  almost  all  unstable  compounds  are  safe  to 
handle  when  dissolved  In  solution.  It  Is  predicted  that  solubilized  ex¬ 
plosives  (except  perhaps  nitroglycerine)  may  also  be  safely  handled  or 
Inerted  when  dissolved  In  an  appropriate  solvent. 

The  most  suitable  solvent  for  explosives  solubilization  would  be 
non-f lammable ,  non-volatile  and  moderately  viscous  In  addition  to  having  a 
high  solubility  for  a  wide  range  of  explosives.  A  low  volatility  would 


not  allow  evaporation  of  the  solvent  and  subsequent  deposition  of  the  ex— 
plosive  (In  a  hazardous  state)  at  any  time  between  the  application  date 
and  final  disposal  date*  A  moderate  solvent  viscosity  would  allow  sig¬ 
nificant  residence  time  on  vertical  surfaces  to  allow  solubilization  be¬ 
fore  run-off  occurred.  Ideal  solvent  candidates  in  general  are  also  those 
which  are  mutually  soluble  in  water  which  would  allow  the  economical  use 
of  that  advent •  Water,  solvent  compositions  would  also  have  a  lowered 
flammability  compared  to  the  use  of  that  solvent  alone*  A  variety  of 
water  soluble  polymers,  surfactants,  complexing  agents  and  wetting  agents 
could  also  serve  as  solubilizing  agents  if  a  water  based  solvent  system 
were  employed.  Alternately,  various  oils  with  or  without  added  solubil¬ 
izing  agents  could  be  used  to  solubilize  or  significantly  wet  the  explo¬ 
sives*  Petroleum  oil  is  claimed  by  one  company  to  desensitize  TNT  and  is 
used  privately  for  TNT  building  cleanup  (Private  communication).  A  sig¬ 
nificant  variation,  regardless  of  the  composition  of  the  solvent,  is  to 
add  chemical  decomposition  agents  which  would  serve  to  decompose  the  sol¬ 
ubilized  explosive  to  a  permanently  non-  explosive  state. 

This  concept  earned  a  +2  rating  in  the  Safety  criteria  since 
solvent  compositions  may  be  chosen  which  would  have  negligible  flammabil¬ 
ities  and  toxldtles. 

8*3*2  Desensitization  of  Explosives  By  Water  Treatment 


This  concept,  which  is  an  intuitatively  obvious  method  towards 
the  inerting  of  explosives,  would  entail  the  initial  wetting  and  subse¬ 
quent  wetting  of  the  explosives  with  large  volumes  of  water*  This  concept 
is  actually  a  specific  variation  of  the  “Solubilization"  concept  initially 
presented*  A  potential  problem  with  this  concept  is  that  all  explosives 
have  a  very  low  solubility  in  water  and  therefore  may  be  wet  only  on  the 
8urf*c*  1^  thick  deposits  of  explosive  are  present*  However  various  in¬ 
dustrial  manufacturers  or  processors  of  explosives  use  water  by  itself  or 
as  a  first  step  before  using  steam  to  daily  clean  their  contaminated 
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facilities.  Surfactants  or  wetting  agents  may  be  used  with  the  water 
washes.  One  company  uses  a  high  pressure  water  lance  at  600-1200  psl 
which  incorporates  polyethoxyphenol  as  a  wetting  agent,  for  a  range  of 
explosives  (Private  communication).  A  stream  of  water  at  400  psl  is  em¬ 
ployed  in  the  Cavljet  process  to  wash  out  TNT  and  Composition  B  out  of 
unused  projectiles  (Private  communication).  RDX  (which  is  claimed  to  be 
desensitized  when  wet)  deposits  may  be  removed  by  first  wetting  and  then 
flushing  with  copious  amounts  of  hot  water  (Private  communication). 
Nitrocellulose  is  claimed  not  to  be  classified  as  an  explosive  when  it  has 
been  well  wet  with  water  (Private  communication).  However  if  the  time 
delay  between  water  treatment  and  demolition  were  significant,  the  Inerted 
nitrocellulose  could  dry  out  and  be  converted  back  to  an  explosive  com¬ 
pound.  For  this  reason,  demolition  would  be  required  to  proceed  immedi¬ 
ately  after  wetting  occurred  if  this  concept  were  to  be  safely  applied. 
These  processes  dissolve  only  a  small  amount  of  the  explosive  but  par¬ 
tially  serve  as  a  mechanical  transport  system  to  move  the  desensitized 
explosives  to  sumps  where  they  can  be  removed  and  treated  further. 

This  concept  received  an  overall  score  of  8  and  a  Mass  Transfer 
score  of  -1  and  an  Inerting  score  of  +2  since  explosives  have  low  sol¬ 
ubilities  in  water  but  some  explosives  are  claimed  to  be  totally  wetted  by 
inerting.  The  method  appears  to  have  significant  merit  as  an  explosive 
treatment  method  prior  to  decontamination,  especially  if  a  water  lance  is 
used  in  conjunction  with  surfactants,  wetting  agents,  complexlng  agents, 
or  cosolvents  which  would  help  solubilize  and  remove  even  bulk  quantities 
of  explosive  from  the  building.  The  complete  run-off  would  need  to  be 
collected  and  the  explosives  decontaminated  after  collection. 


8.3.3  Deaensltlzatlons  of 


As  mentioned  in  the  previous  concept  on  'Hater  Treatment',  steam 
may  be  used  after  an  initial  water  wash  to  transport  explosives  to  a  sump. 
Steam  may  also  be  used  without  prior  water  washing  to  migrate  TNT,  RDX  and 
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HMX  from  contaminated  surfaces  to  sumps  (Private  communication).  One 
claim  has  been  made  that  TNT  may  be  Inerted  to  a  non-explosive  state  by 
the  successive  applications  of  steam,  kerosine,  and  steam.  However,  a 
warning  was  also  noted  that  Tetryl  may  detonate  in  the  presence  of  steam 
(Private  communication).  Two  concept  description  forms  entitled  "Manual  * 
Steaming"  and  “External  Steaming"  are  found  In  Appendix  III  of  this 
report. 

This  concept  may  be  considered  to  be  a  variation  of  the  previous 
"Water  Treatment"  concept  but  it  was  still  evaluated.  This  concept  may 
coincidentally  result  In  desensltlzatlon  or  Inerting  of  some  explosives 
but  its  potential  role  is  assumed  to  Involve  the  mechanical  transport  of 
explosives  from  the  deposition  site  to  a  sump.  This  concept  received  a  +3 
overall  score  and  a  -1  rating  score  In  both  the  Mass  Transfer  and  Inerting 
Potential  criteria. 

8.3.4  Decomposition  of  TNT  With 
Reactive  Amines  and  Acetone  or  Acetonitrile 

This  chemical  decontamination  concept,  which  has  previously  been 
described  was  not  chosen  for  Phase  II  verification  as  a  decontamination 
concept  partly  because  potentially  toxic  products  were  expected  to  be 
formed  and  this  concept  la  known  to  be  applicable  for  TNT  and  tetryl  only. 
This  concept  received  a  +7  overall  score  and  received  +2  rating  In  both 
the  Maas  Transfer  and  Inerting  Potential  criteria.  As  previously  de¬ 
scribed  this  concept  has  the  potential  for  safely  decontaminating  bulk 
amounts  of  TNT.  However,  all  the  reactant  systems  which  have  been  studied 
Include  chemicals  which  are  highly  flammable  which  led  to  a  -2  rating  in 
the  Safety  criteria  for  this  concept.  However,  It  Is  feasible  that  re¬ 
lated  non-flammable  reactant  systems  can  be  developed  which  would  lead  to 
effective  decomposition  and  inerting  of  TNT.  The  flammability  of  this 
concept  could  also  be  significantly  reduced  by  the  utilization  of  gels  or 
foams  with  or  without  backing  materials.  However,  due  to  the  flammability 
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hazards  and  limited  scope  of  explosives,  this  method  Is  not  recommended 
for  further  verification  at  this  time. 

8.3.5  Inerting  of  nitrocellulose  By  Denitration  Reactions 

This  concept  received  a  +6  overall  score  and  +2  rating  scores  In 
the  Hass  Transfer  and  Inerting  Potential  criteria.  This  concept  Includes 
a  number  of  reactions  which  are  known  to  cleave  the  nitro  groups  from 
various  explosives.  The  percent  nitro  group  removal  from  nitrocellulose 
which  Is  required  to  render  this  explosive  Inert  is  not  known,  but  various 
reactions  are  available  which  can  result  in  a  high  degree  of  nitro  group 
removal.  The  denitration  reactions  in  this  concept  primarily  Involve 
amines  which  may  be  applied  neat  or  dissolved  In  organic  solvents.  The 
fact  that  nitro  group  displacement  is  reported  to  be  catalyzed  by  copper 
salts  (Huraour,  1936)  indicates  that  copper  (and  other)  catalysts  may  also 
effectively  catalyze  the  other  denitration  reactions. 

The  use  of  organic  solvents  or  neat  amines  in  the  reactions  em¬ 
ployed  In  this  concept  is  required  to  Initiate  the  swelling  of  nitrocell¬ 
ulose  which  must  occur  before  nitrocellulose  which  must  occur  before 
nitrocellulose  can  be  solubilized.  Since  these  flammable  organic  reac¬ 
tants  may  be  required  for  solubilization,  this  concept  was  given  a  -2 
rating  for  the  Safety  criteria.  However  If  these  reactions  will  still 
occur  upon  dilution  with  water  or  using  less  flammable  amines  the  Safety 
rating  would  be  increased.  Alternately  the  use  of  gels  or  foams  with 
backing  material  would  significantly  lower  the  flammability  potential  and 
Increase  the  Safety  rating.  Since  this  concept  has  a  significant  flamm¬ 
ability  hazard  and  is  limited  primarily  to  nitrocellulose  and  potentially 
nitroglycerine,  this  method  Is  not  recommended  for  further  verification  at 
this  time. 


8.3.6  Pesensltlzatlon  of  Explosives  With  Various  Reductants 

A  variety  of  explosives  may  be  desensitized  by  exposure  to 
aqueous  solutions  of  a  variety  of  reductants  such  as  oxalic  acid,  formic 
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acid,  urea,  hydrazine,  dimethyl  hydrazine,  etc.  (Roth,  1978).  Thia  con¬ 
cept  received  a  -1  rating  in  the  Inerting  Potential  criteria  which  indi¬ 
cates  that  the  explosives  were  not  Inerted  by  this  process  but  still  had 
some  residual  exploslvity  (l.e.,  they  were  desensitized).  Since  the  ex¬ 
plosives  still  has  significant  exploslvity  (as  measured  by  drop  tests) 
this  concept  is  not  recommended  for  further  study  in  the  inerting  of 
buildings  prior  to  demolition. 

8.3.7  Desensitization  of  Explosives  With  Stabilizer  Coatings 


Various  stabilizing  coatings  have  been  applied  to  military  ex¬ 
plosives  to  decrease  their  sensitivity  to  detonation.  Examples  of  sta¬ 
bilizing  agents  include  waxes,  carbowaxes,  organic  dyes  and  specific  com¬ 
pounds  such  as  sallgenln.  These  materials  are  typically  applied  in  a 
uniform  manner  during  the  manufacture  and  processing  of  the  explosive. 
However  the  coated  explosive  still  has  a  high  exploslvity  since  it  will 
obviously  be  used  in  this  state  as  a  military  explosive.  This  concept 
received  a  -2  rating  in  the  inerting  potential  which  indicates  that  the 
explosive  is  not  expected  to  be  desensitized  at  all  when  applied  non- 
homogeneously  from  the  exposed  side  of  the  explosive  deposit.  This  con¬ 
cept  is  not  recommended  for  further  study  for  the  inerting  of  buildings 
prior  to  demolition. 

8.4  DEMOLITION 

Demolition  is  a  widely  utilized  method  for  building  removal. 
Demolition  techniques  Include  the  use  of  explosive  blasting,  wrecking 
balls,  front  end  loaders  and  manual  methods  such  as  pneumatic  hammers, 
etc.  The  method  has  applicability  to  all  types  of  building  constructions. 

I 

Demolition  may  be  particularly  suited  (cost  effective)  for  the  selective 
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excesslng  of  1940's  vintage  manufacturing  buildings  because  there  is 
little  or  no  applicability  of  these  buildings  to  other  uses.  In  the  case 
of  buildings  contaminated  with  explosives,  mechanical  demolition  may  re¬ 
sult  in  an  explosion  if  high  concentrations  of  explosive  residues  are  en¬ 
countered.  This  has  been  demonstrated  to  be  a  real  hazard  based  on  in¬ 
formation  obtained  from  the  Site  Surveys.  For  example,  at  Sunflower  Army 
Ammunition  Plant  a  worker  was  killed  when  he  attempted  to  remove  a  NC  tank 
which  had  been  supposedly  3X  decontaminated  but  exploded  when  his  cutting 
torch  contacted  the  metal.  Other  examples  could  be  cited  where  non- 
flamlng  demolition  methods  have  resulted  in  explosions.  Thus,  the  feasi¬ 
bility  of  demolition  techniques  1s  primarily  dependent  on  the  effective 
inerting  of  all  contained  explosives. 

9.0  DECONTAMINATION  OF  WHITE  PHOSPHORUS 

9.1  INTRODUCTION 

Methods  to  be  used  for  the  decontamination  of  facilities  used  to 
load  munitions  with  white  phosphorus  are  to  be  considered.  Unless  white 
phosphorus  is  covered  with  water  to  exclude  air  it  spontaneously  ignites 
and  burns  to  form  primarily  phosphorus  pentoxlde.  Because  of  this  reac¬ 
tivity  it  was  judged  that  white  phosphorus  would  exist  only  in  areas  where 
air  has  been  excluded  or  at  the  bottom  of  water  pools.  Such  areas  would 
Include  phosphorus  storage  tanks,  drain  traps  and  sumps  where  a  layer  of 
water  is  assumed  to  have  been  maintained  to  prevent  contact  of  the  phos¬ 
phorus  with  air.  Piping,  pumps,  etc.  are  usually  sealed  by  valves  so 
sufficient  air  may  not  have  been  present  to  decompose  all  of  the  white 
phosphorus.  Since  phosphorus  freezes  at  44  C,  almost  all  piping  and 
valves  used  to  conduct  the  phosphorus  can  be  heated  to  maintain  it  in  the 
liquid  state. 

Water  covering  elemental  phosphorus  gradually  becomes  acidic. 

The  phosphorus  that  dissolves  in  the  water  gradually  oxidizes  to  form  the 
various  phosphorus  oxides  which  hydrolyze  to  produce  acids.  This  acidic 
solution  is  commonly  called  "phossy"  water  in  the  phosphorus  manufacturing 
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Industry.  A  concept  to  treat  white  phosphorus  contaminated  facilities  or 
equipment  must  Involve  methods  which  can  act  through  the  aqueous  phase. 

The  material  surfaces  to  be  treated  are  metal  or  concrete. 

A  current  disposal  practice  used  by  the  white  phosporus  manu¬ 
facturing  industries  is  to  return  phossy  water  and  related  sludges  to  the 
elemental  phosphorus  manufacturing  processes.  Gross  amounts  of  phosphorus 
are  removed  from  equipment,  tanks,  etc.,  by  the  use  of  steam  lances  with 
entrained  air  but  the  fumes  of  P2O5  are  excessive.  Pipes  and  other 
vessels  destined  for  salvage  are  cut  up  with  a  torch  and  the  phosphorus 
allowed  to  burn  in  the  open. 

At  one  army  arsenal,  phosphorus-contaminated  metal  that  is  to  be 
scrapped  is  cut  up  and  allowed  to  burn  in  the  open.  Metal  parts  to  be 
reused  are  washed  down  with  steam,  detergent  and  165  F  water.  The  phos¬ 
phorus  laden  water  is  collected  in  tanks  and  treated  with  ozone.  The  acid 
solution  is  neutralized  and  then  spray  dried. 

9.2  CONCEPTS  FOR  DECONTAMINATION  OF  WHITE  PHOSPHORUS 


Four  concepts  for  the  decontamination  of  white  phosphorus  con¬ 
tamination  were  considered.  These  are  briefly  discussed  below.  Detailed 
descriptions  are  provided  in  Appendix  III. 

9.2.1  Air  Entrainment 


Water,  supersaturated  with  respect  to  dissolved  oxygen  by  in¬ 
creasing  the  air  (or  oxygen  or  ozone)  pressure  to  50  psi,  is  injected  into 
che  cavity  or  vessel  containing  the  water-covered  phosphorus.  Phosphorus 
would  be  oxidized  to  the  water  soluble  oxy-acids  and  then  pumped  out.  The 
rate  of  oxidation  would  be  large  enough  to  raise  the  temperature  of  the 
solution  to  above  the  melting  point  of  phosphorus  which  would  thereby  im¬ 
prove  the  reaction  rate.  The  oxygen  could  be  supplied  as  a  solution  of 
hydrogen  peroxide  as  well.  The  reactions  that  can  take  place  are  as 
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^4  +  502  +  6H2O  - »  4H3P04 

10H202  +  P4  - »  4H3P04  +  4H20 

Advantages 

0  The  process  is  inherently  simple  to  Implement  and  execute, 
o  Chance  of  fire  is  minimized. 

o  Surface  clean  up  requires  only  neutralization  and  a  water 


Disadvantages 

a  Acid  solutions  will  corrode  metal  parts. 

•  High  oxygen  partial  pressures,  interacting  with  large  pockets 
of  elemental  phosphorus  can  create  P2O5  fume  above  the 
water  surface. 


9.2.2  Cupric  Sulfate  Solution 

In  very  old  elemental  white  phosphorus  production  plants,  copper 
sulfate  solutions  were  used  for  first  aid  in  case  elemental  phosphorus 
came  in  contact  with  a  worker's  skin.  The  copper  in  solution  reacts  to 
form  solid  copper  phosphide  or  elemental  copper  on  the  surface  of  the 
phosphorus  so  as  to  keep  air  from  coming  in  contact  with  it.  The  reac¬ 
tions  that  are  possible  include: 

3P  +  3CUSO4  +  6H2O - »  CU3P  +  H3PO3  +  3H2SO4 

2P  +  5CuS04  +  8H2O - »  5Cu  +  2H3PO4  +  5H2SO4 

Any  elemental  phosphorus  contamination  on  the  surface  of  the  vessel  or  in 
suspension  in  the  phossy  water  would  be  coated  to  prevent  air  attack.  It 
would  then  have  to  be  removed  from  the  surface  and  disposed. 

Advantages 

•  The  process  Involves  an  existing  art  for  controlling  the  air 
oxidation  of  elemental  phosphorus. 

•  The  product  is  a  solid  which  could  be  handled  in  air. 
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Disadvantages 

o  The  solid  product  will  deposit  on  solid  bulk  phosphorus  and 
Unit  reaction  to  the  surface. 

o  Thick  deposits  and  subsurface  phosphorus  would  exhibit  lim¬ 
ited  reactions. 

o  Complete  phosphor*  3  r,  toval  requires  attretlon  and  scouring 
to  expose  fresh  p  osrV..us. 

o  Haste  disposal  would  inquire  treatment  of  copper,  soluble 
copper  salts,  copper  phosphide  and  adds. 

9.2.3  Hyphalogenlte  Solutions 

Alkaline  calduffl  and/or  sodium  hypochlorite  or  hypobromite 
solutions  will  oxidize  elemental  phosphorus  to  phosphate  ion.  The  hypo¬ 
chlorite  ion  is  a  very  strong  oxidant.  For  example,  if  sodium  hypochlor¬ 
ite  were  used,  the  reaction  would  be 

12NaOH  +  lONaOCl  +  P4 - >  4Ha3P04  +  6H20  +  lONaCl 

This  reaction  is  pH  sensitive.  Under  slightly  add  conditions  the  hypo- 
chloride  solution  would  decompose  into  chlorine.  If  the  system  o> comes 
too  alkaline  then,  the  potential  for  phosphine  formation  exists. 


Advantages 

o  This  reagent  is  readily  available  and  a  familiar  Army  decon¬ 
tamination  material  which  converts  elemental  phosphorus  to 
the  water  soluble  phosphate  ion. 

Disadvantages 

o  Reagent  releases  chlorine  in  acidic  solutions.  If  caldum 
hypohalogenite  is  used,  insoluble  calcium  phosphate  will 
yield  sludge. 

o  The  reagent  causes  corrosive  action  on  metals. 
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o  Waste  disposal  requires  removal  of  excess  hypochlorite  ion 
from  solution  or  sludge. 

9.2.4  Mineral  Oil  Emulsion 


Phosphorus  is  soluble  in  mineral  oil.  An  emulsion  of  mineral 
oil  and  water  would  be  circulated  through  a  cavity  or  other  contaminated 
structure  to  become  laden  with  white  phosphorus.  The  laden  emulsion  would 
be  aerated  outside  of  the  cavity  to  convert  the  phosphorus  oxy-aclds 
releasing  the  oil  for  recycle.  The  process  probably  would  involve  the 
following  steps 

P4  +  Oil - >  1.252  solution  of  P4  in  oil 

Air  +  P4  - »  H3PO4  +  phase  separation 

Disposal  of  wastes  would  be  performed  by  neutralization  with  lime  and 
disposal  in  a  landfill.  Some  oil  may  be  occluded  in  the  wastes  from  the 
oil  emulsion  treatment. 

Advantages 

o  Phosphorus  is  removed  without  chemical  action  (physical 
removal). 

o  Conversion  to  phosphoric  add  occurs  in  separate  reactor  and 
not  in  phosphorus-contaminated  vessel  or  cavity. 

Disadvantages 

o  Treatment  leaves  phosphorus  laden  oil  on  surface  which  will 
require  additional  treatment. 

o  Solvent  and  oils  are  combustible. 

o  Foam  can  form  as  a  sludge  which  contains  oil. 

9.3  CONCEPT  EVALUATION 


The  concepts  were  rated  for  the  criteria  used  to  evaluate  chem¬ 
ically  oriented  explosive  decontamination  concepts.  The  results  of  the 


evaluation  are  summarized  in  Table  29.  The  water-entrained  air  concept 
scored  the  highest  and  is  recoonended  for  evaluation  in  Phase  II  studies. 

Air  Entrainment 

Hater,  supersaturated  with  air,  is  Injected  into  a  cavity  and 
continuously  pumped  out  and  collected  for  treatoent  or  recycle.  As  the 
process  proceeds  and  acid  concentration  Increases  a  bleed  strean  would  be 
neutralized  and  then  added  to  the  installation  water  treataent  facility 
for  disposal  as  a  phosphate  salt  in  solution.  The  reaction  would  be  ex¬ 
pected  to  be  controllable  by  the  aaount  of  air  Introduced  to  the  cavity 
thereby  reducing  chances  for  formation  of  a  P2O5  plume.  Since  hydrogen 
peroxide,  oxygen  and  ozone  are  probably  equally  effective  reagents,  their 
presence  can  be  used  to  reduce  recycle  requirements.  The  process  can  be 
monitored  by  changes  in  the  acid  content  of  the  outlet  stream.  The  prin¬ 
cipal  product  from  the  reaction  will  be  phosphoric  acid  with  the  possi¬ 
bility  of  the  presence  of  the  lower  oxy-acids  of  phosphorus.  If  air, 
oxygen  or  ozone  were  used,  no  treatment  of  the  waste  stream  other  than 
neutralization  would  be  required.  If  hydrogen  peroxide  were  used,  the 
excess  would  have  to  be  decomposed.  Neutralization  with  sodium  alkali 
bases  (NayCOg,  NaOH  etc.)  would  lead  to  water  soluble  wastes  whereas 
treatment  with  lime  would  yield  a  sludge  that  would  have  to  be  dried  and 
then  land  filled. 

Even  though  hazards  from  fire  are  ever  present  with  phosphorus, 
the  water  flooding  method  would  tend  to  minimize  it.  If  metal  parts  are 
being  treated,  excessive  acid  levels  could  lead  to  hydrogen  evolution  by 
acid  attack  of  the  metal. 

Phosphorus  contamination  that  has  penetrated  into  porous  mater¬ 
ial  and  to  some  extent  metals  would  be  difficult  to  treat  with  water-air 
emulsions.  However,  the  extent  of  this  type  of  contamination  is  now 
known.  If  concrete  storage  tanks  or  sumps  exist,  penetration  of  phos¬ 
phorus  into  cracks  is  likely  because  of  its  low  viscosity  at  SO  C  when 
saturated  with  water. 
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TABLE  29.  WHITE  PHOSPHORUS  DECONTAMINATION  CONCEPTS  EVALUATION 


Crlcerla 

Evaluated 

Air 

Entrainment 

Hypo halogen! tea 

Cupric 

Sulfate 

Mineral 

Oil 

Safety 

++ 

- 

+ 

- 

Damage 

++ 

4+ 

++ 

++ 

Penetration 

- 

- 

— 

Complexity 

++ 

+f 

+f 

++ 

Operating  Coat 

+fr 

++ 

+ 

+ 

Capital  Coats 

+f 

+f 

+f 

+ 

Waate  Treatment 

+ 

- 

— 

+ 

TOTALS 

+10 

+5 

+5 

+4 
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10.0  COST  ANALYSIS 


A  preliminary  cost  analysis  was  performed  on  those  concepts 
which  passed  the  screening  procedures.  Since  the  costs  for  the  chemical 
concepts  will  be  similar  because  of  similar  application  methods,  a  generic 
cost  was  calculated  and  assumed  to  be  representative  of  all  chemical  con¬ 
cepts  including  the  selected  white  phosphorus  decontamination  concept. 

The  selected  desensltlzatlon  concept  was  costed  assuming  the  building  is 
demolished  following  Inerting. 

A  summary  of  the  estimated  costs  of  the  selected  concepts  is 
given  in  Table  30.  These  costs  were  based  on  the  decontamination  of  the 
three  structures  described  in  Section  6.3.  Detailed  cost  breakdowns  are 
given  in  Appendix  II.  It  is  Important  to  note  that  in  all  concepts, 
further  information  is  required  to  make  a  detailed  cost  analysis.  The 
figures  provided  in  Table  30  are  only  order-of-magnltude  estimates.  Thus, 
at  this  time,  it  does  not  seem  appropriate  to  eliminate  any  concepts  on 
the  basis  of  cost. 


TABLE  30.  THERMAL,  ABRASIVE,  AND  EXTRACTION  CONCEPTS  COST  SUMMARY 


(a) 


F  > 

k*  •  - 
V 

U\ 

Concept 

Operating  Cost 

In  (1000$) 

Capital  Cost 
in  (1000$) 

Total  Cost 

in  (1000$) 

k  & 

Hot  Gases 

$  76 

$45 

$127 

Infrared  Heating 

$105 

$88 

$193 

> 

Hydroblasting 

$149 

$93 

$242 

.V 

RadKleen 

$145 

$45 

$190 

£ 

Steaming  (External) 

$  78 

$11 

$  89 

f 

£  £ 

Vapor  Circulation 

$154 

$29 

$183 

Liquid  Chemical  Reactants 

$  83 

$  9 

$  92 

Sandblasting 

$  95 

$30 

$125 

Vacu-blasting 

$124 

$35 

$159 

i  .v 

I  £ 

De sensitisation/ Demolition 

$195 

$46 

$242 

■  *>  . 
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11.0  ANALYTICAL  RESULTS 

11.1  OBJECTIVE 

Analytical  research  support  undertaken  during  this  project  was 
directed  toward  certification  of  previously  developed  methods  for  analysis 
of  explosives  on  building  materials.  These  methods  Included  work  done  by 
both  Midwest  Research  Institute  (Lakinga,  1981)  and  A.  D.  Little,  Inc. 
(Goodwin,  1982)  as  well  as  techniques  developed  originally  by  Battelle- 
Columbus  Laboratories  for  USATHAMA  (USATHAHA  Certified  Methods  Nos.  IK, 

1L.  3F,  3S,  3V,  and  4B).  The  goal  of  this  analytical  task  was  to  provide 
method  certification  in  accordance  with  USATHAMA  guidelines  for  six  ex¬ 
plosives  on  six  building  materials. 
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11.2  EXPERIMENTAL  APPROACH 

Explosives  used  during  analytical  method  certification  were 
2,4-dlnltrotoluene  (2,4-DNT);  2,6-dlnltrotoluene  (2,6-DNT);  2,4,6— 
trinitrotoluene  (TNT);  2,4,6-trlnltrophenylmethylnitramine  (tetryl); 
cyclotrlmethylenetrlnltrsmlne  (RDX);  and  octahydro-l,3,5,7-tetranitro— 

1 ,3,5,7-tetrazocine  (HMX).  Building  materials  selected  for  use  were  un¬ 
painted  and  painted  samples  of  stainless  steel,  mild  steel,  and  concrete. 
These  samples  were  painted  with  an  enamel  alkyd  paint,  which  was  selected 
as  representative  of  paint  likely  to  be  encountered  at  explosive  contam¬ 
inated  facllltlea.  In  addition,  an  alkyd  paint  was  expected  to  present  a 
greater  challenge  to  extraction  and  recovery  of  an  explosive  than  would  a 
latex  paint.  Specifications  on  the  building  materials  and  paint  are  given 
on  the  method  certification  write-up,  which  is  Included  as  Appendix  IV. 

The  basic  procedure  that  was  developed  for  recovery  of  explo¬ 
sives  from  surfaces  (Goodwin,  1982)  Involves  extraction  of  the  contam¬ 
inated  samples  using  acetonitrile  as  the  extraction  solvent  and  sonlflca- 
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tion  to  facilitate  intimate  contact  between  sample  and  solvent.  This 
procedure  was  developed  for  an  assortment  of  explosives  and  a  variety  of 
unpainted  surfaces.  The  procedure  had  not  Included  the  explosive  HMX  and 
was  never  tested  with  painted  surfaces.  Method  certification  by  Battelle 
was  extended  to  include  HMX  and  painted  samples. 

Instrumental  analysis  of  explosives  following  recovery  from  the 
surface  sample  was  accomplished  by  linear  gradient  high  performance  liquid 
chromatography  (HFLC).  HPLC  has  been  used  successfully  for  these  explo¬ 
sives  and  provides  a  convenient  means  for  analysis  because  difficulties 
encountered  by  other  techniques,  such  as  gas  chromatography,  with  thermal 
degradation  and  on-column  reactions  are  avoided. 

11.3  RESULTS 

Extraction,  recovery  and  analysis  of  the  six  explosives  were 
conducted  successfully  for  the  three  unpainted  building  materials.  This 
success  during  method  certification  Is  notable  In  that  HMX  had  not  been 
attempted  previously  during  method  development  by  A.  D.  Little  and  Midwest 
Research  Institute  (Laklngs,  1981;  Goodwin,  1982).  Five  of  the  explosives 
were  successfully  recovered  and  analyzed  from  the  painted  materials. 
However,  recovery  and  analysis  of  a  sixth  explosive,  RDX,  were  unsuccess¬ 
ful  due  to  the  presence  of  a  component  extracted  from  the  paint.  This 
component  eluted  at  the  same  relative  retention  time  as  RDX  and  prevented 
Isolation  of  the  peak  for  RDX.  Subtraction  of  the  peak  for  this  Inter¬ 
ference  was  also  attempted  using  the  method  blanks;  however,  the  amount  of 
this  component  that  was  extracted  was  apparently  random  and  could  not  be 
quantified.  Sample  chromatograms  for  unpainted  and  painted  method  blanks 
and  for  a  calibration  standard  solution  are  presented  In  Figures  16 
through  18.  As  shown  by  Figure  18,  the  HFLC  Instrumental  parameters  used 
allowed  simultaneous  resolution  of  all  six  compounds.  These  Instrumental 
conditions  were  selected  on  the  basis  of  prior  Battelle  methods  developed 
for  CSATHAMA  (USATHAMA  Certified  Methods  No.  IK,  1L,  3F,  3S,  37,  and  4B), 
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FIGURE  17.  CHROMATOGRAM  FOR  HPLC  ANALYSIS  OF  METHOD  BLANK  OF  A  PAINTED  MILD 
STEEL  SAMPLE 


because  the  conditions  reported  by  A.  D.  Little  (Goodwin,  1982)  both  did 
not  include  HMX  as  an  analyte  and  required  separate  analysis  for  2,6-0)17 
from  that  done  for  other  explosives. 

Sample  chromatograms  for  method  blanks  and  spiked  samples  on  all 
six  materials  are  given  in  Appendix  T.  Detection  limits  for  each  combin¬ 
ation  of  explosive  and  building  material  are  given  In  Table  1  of  the 
method  certification  write-up  (Appendix  IV). 

In  summary,  method  certification  was  successfully  conducted  on  33 
combinations  of  explosive  and  building  material.  This  figure  exceeds  the 
task  goal  of  25  combinations  of  explosive  and  material.  A  single  set  of 
HPLC  operating  parameters  provided  simultaneous  resolution,  of  2,4-DNT; 
2,6-DNT;  TNT;  Tetryl;  RDX;  and  HMX.  The  sample  preparation  procedure 
developed  previously  (Goodwin,  1982)  ms  extended  successfully  to  Include 
both  the  explosive  9(X  and  the  use  of  painted  surfaces. 

12.0  RECOMMENDATIONS 

The  following  concepts  for  the  decontamination  and  Inerting  of 
explosives  and  the  decontamination  of  white  phosphorus  are  recommended  for 
experimental  verification  In  Phase  II  studies. 

12.1  EXPLOSIVES  DECONTAMINATION 


12.1.1  Thermolysis  Concepts 

The  Thermal  Decomposition  by  Hot  Gases  and  Thermal  Decomposition  by 
Radiant  (Infrared)  Heating  concepts  were  the  two  highest  ranked  thermal  con¬ 
cepts.  However,  only  the  Hot  Gases  concept  is  recommended  for  evaluation  In 
the  Phase  II  studies.  The  combination  concept  entitled  Deactivation  of  Explo¬ 
sives  During  Thermolysis  by  Radical  Trapping  will  also  be  studied  In  conjunc¬ 
tion  with  this  thermal  concept  since  It  provides  a  potential  method  to  de¬ 
activate  sensitive  explosives  and  allow  their  safe  thermolysis.  The  Infrared 
Heating  concept  was  rated  almost  as  high  as  the  Hot  Gases  concept  but  Is  not 
recommended  for  testing  since  It  does  not  penetrate  to  depths  below  the  surface 
as  readily  as  hot  gases  are  expected  to. 
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12.1.2  Abrasive  Concepts 

The  top  rated  abrasive  concepts  (Sandblasting,  Hydroblasting  and 
Vacu-Blast)  are  not  being  recommended  for  evaluation  in  Phase  II  studies 
since  the  various  reaoval  depths  that  can  be  obtained  for  these  abrasive 
techniques  are  known.  The  feasibility  of  these  concepts  will  be  deter¬ 
mined  when  actual  or  predicted  depth  profiles  of  explosives  In  contam¬ 
inated  buildings  become  available. 


12.1.3  Extraction  Concepts 


The  highest  rated  extraction  concepts  are  entitled  Removal  by 
RadKleen,  Vapor  Phase  Solvent  Extraction,  and  Steam  Cleaning.  Ue  recom¬ 
mend  that  feasibility  studies  of  the  first  two  concepts  be  combined  by 
performing  vapor  condensation  extraction  studies  with  various  freons 
(which  would  simulate  the  RadKleen  concept)  as  well  as  other  solvents.  A 
key  knowledge  gap  In  extraction  concepts  which  will  be  studied  Is  the  ef¬ 
fectiveness  of  solvent  mass  transfer  Into  and  out  of  porous  materials.  He 
recommend  that  further  Information  concerning  Steam  Cleaning  be  collected 
by  further  consultation  with  explosives  Industries  that  use  this  technique 
for  decontamination  of  their  facilities.  Further  Information  concerning 
Steam  Cleaning  will  also  be  gathered  from  the  Task  3  verification  studies 
of  this  technique  for  the  decontamination  of  agents. 


12.1. 4  Chemical  Concepts 


The  following  are  the  highest  ranked  chemical  concepts:  Radical 
Initiated  Decomposition  of  Explosives,  Base  Initiated  Decomposition  of 
Explosives  and  Sulfur  Based  Reduction  of  Explosives.  We  recommend  that 
each  of  these  concepts  and  their  variations  be  subjected  to  an  Initial 
prescreening  whereby  the  percent  decomposition  of  all  explosives  versus 
treatment  times  and  the  nature  of  decomposition  products  be  determined  in 
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solution  under  conditions  whlcl  are  as  similar  as  possible  to  each  other. 
Only  the  concepts  which  are  ranked  highest  in  the  prescreening  tests  will 
be  evaluated  further  in  the  Phase  II  Test  Flan. 

The  combination  concept  Solubilization  and  Inerting  of  Explo¬ 
sives  through  Complex  Formation  is  also  recommended  for  Phase  II  study 
since  enhanced  solubilization  directly  relates  to  the  effectiveness  of 
most  chemical  decontamination  and  certain  extraction  concepts. 

12.2  EXPLOSIVES  INERTING 

The  top  rated  explosives  inerting  concepts  are  based  either  on 
the  solubilization  or  wetting  of  explosives.  Three  concepts  which  have 
significant  overlap  with  each  other  are:  Inerting  of  Explosives  by  Sol¬ 
ubilization,  Desensl fixation  of  Explosives  by  Water  Treatment,  and  De- 
sensltlzatlon  of  Explosives  by  Steaming.  The  first  two  concepts  are 
recommended  for  evaluation  in  the  Phase  II  studies.  The  concept  desen- 
sltlzatlon  by  Steam  is  related  to  the  extraction  concept  entitled  Steaming 
and  will  be  evaluated  primarily  by  consultation  with  explosives  industries 
that  use  steam  for  the  simultaneous  cleaning  and  desensltlzatlon  of  ex¬ 
plosives. 

12.3  PHOSPHORUS  DECONTAMIKATION 

The  concept  Yellow/White  Phosphorus  Decontamination  Using 
Water-Entrained  Air  is  recommended  for  evaluation  in  Phase  II  studies. 
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